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a  b  s  t  r  a  c  t
Two-dimensional  (2D)  materials  have,  within  just  one  decade,  reshaped  many  disciplines  of modern  sci-
ence and  technology,  both  through  intensive  fundamental  research  and  early  commercial  applications.
In  this  review,  we will provide  a comprehensive  summary  of the properties,  synthesis,  characterisation,
and  application  of  2D  materials  in  the  context  of  electrochemistry  and  related  scientiﬁc  ﬁelds.  Firstly,  the
structural,  electronic,  optical,  and  mechanical  properties,  and  a  variety  of preparation  and  characterisa-
tion  techniques  of  2D  materials  are  presented.  Secondly,  current  electrochemical  understanding  of 2D
and layered  materials  and  their  modiﬁcation  is  discussed.  Lastly,  future  perspectives  and  new  frontiers
in  optoelectronics,  photocatalysis,  and renewable  energy  using  2D materials  are  outlined.
Our  primary  focus  is on  group  6 transition  metal  dichalcogenides  (TMDCs)  and other  emerging  2D
materials  beyond  graphene,  including  their  heterostructures.  These  nanomaterials  are  essential  for  the
next  generation  of  devices  in  tuneable  electrochemistry,  sensing,  and  photovoltaics.  Although  broad  in
scope, this  review  is not  an  exhaustive  list  of  facts;  rather,  it summarises  the  established  knowledge
and  pinpoints  the  most  promising  future  trends.  It is  aimed  at readers  with  background  in  electrochem-
istry  wanting  to broaden  their  perspective  or initiate  research  on 2D  materials  as  well  as  those  with  2D
materials  expertise  looking  to work  on electrochemistry-based  applications,  such  as  energy  storage  and
conversion.
© 2017  The  Authors.  Published  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Two-dimensional (2D) materials are crystalline solids with a
high ratio between their lateral size (∼1–10,000 m)  and thickness
(<1 nm)  [1]. The layered structure of the corresponding bulk crys-
tals, which facilitates their exfoliation to 2D layers, originates from
the strong intralayer covalent bonding and comparatively weaker
interlayer van der Waals (vdW) interaction with typical binding
energies of 40–70 meV  [2]. The electronic transport and therefore
conductivity in layered materials is much more efﬁcient through
the layers (i.e. in the direction perpendicular to the vertical c-axis)
than between the layers, typically by 3 or 4 orders of magnitude [3].
This is due to the strong charge carrier localisation within the indi-
vidual layers and simultaneous transport of charge carriers through
multiple layers [4]. The basal plane of 2D and layered materials
(perpendicular to the c-axis) is well deﬁned and chemically stable
surface due to the absence of dangling bonds, unlike the edge plane
(parallel to the c-axis), which is usually terminated by various sur-
face groups [5]. The discovery of graphene and its unique properties
in 2004 [6] launched a scientiﬁc revolution due to the fact that 2D
materials were long thought to be thermodynamically unstable [7].
A large number of other layered materials with diverse properties
based on the elements highlighted in Fig. 1a were gradually exfoli-
ated in 2D. These include hexagonal boron nitride (hBN), metal and
non-metal chalcogenides, oxides, hydroxides and halides, covalent
organic frameworks, silicates, and perovskites [8–14].
Graphene stands out amongst other 2D materials due to its
unique electronic band structure and the associated record carrier
mobility, thermal conductivity, and high transparency. These prop-
erties make it a serious candidate for the replacement of indium tin
oxide (ITO), a transparent conductive material, successfully used
in liquid crystal displays, touch panels, or light-emitting diodes,
whose performance is compromised by its low-ﬂexibility, conﬂict-
ing opposing relationship between its optical transparency and
conductivity, and low abundance of indium [15]. However, many
other 2D materials have what graphene does not: a band gap of
1–2 eV, which is well matched to the solar spectrum and is com-
parable to the current industrial standards in photovoltaics: Si
(1.1 eV), GaAs (1.4 eV), or CdTe (1.5 eV) [16]. 2D crystals of high-
 dielectrics, i.e. highly insulating materials such as hBN, mica,
or perovskites, can be used as tunnelling barriers in capacitors
and gate insulators [11]. The future generations of nanoelectronics,
beyond the silicon-based era, need to address the ever-increasing
drive for the reduction in size of the circuit-elements in digital
electronics without compromising their quality. Utilisation of the
sub-nanometre thickness and high quality of atomically-thin 2D
materials in electronic circuits offers an effective electrostatic con-
trol of conductivity. Furthermore, the lack of surface groups or
dangling bonds in 2D materials reduces charge carrier scattering
otherwise common in bulk materials. The high surface-to-volume
ratio of 2D materials is directly exploitable in electrochemistry
[17] and results in their extreme sensitivity to the environment
applicable in molecular sensors [18]. The vanishingly small thick-
ness of 2D materials should further lead to a reduction in volume,
mass, and ultimately the cost of devices in many applications such
as transparent solar cells, conductive displays, or protective light-
absorbing layers. Other applications such spintronics, valleytronics,
photonics, or plasmonics, exploiting more exotic properties of 2D
materials, were also proposed or realised [2,19–23].
TMDCs are a large group of crystals with a generic chemical
formula of MX2 (M = transition metal, X = S, Se, or Te), about two
thirds of which are known to form layered structures [8]. Signif-
icant scientiﬁc knowledge of bulk TMDCs has been accumulated
in 1960–80s, especially for the group 6 TMDCs, where M = Mo
or W,  and, following the success of graphene, their mono- and
few-layer forms were soon produced [9]. Typically, group 4 or 6
TMDCs are semiconductors or insulators, while group 5 TMDCs are
metallic [23,24]. Other metal chalcogenides, which have attracted
interest in the recent years include PtS2, InSe, and SnS2. Semicon-
ducting TMDCs hold promise for a number of applications ranging
from photovoltaics [25], photodetection [26], optoelectronics [23],
light-emitting diodes [27], to energy storage/conversion, sensing,
and catalysis [5,28]. Molybdenum disulphide (MoS2) is the most
common TMDC, which has traditionally been used as a lubricant
[29–31], and as an intercalation host [32], following the successful
use of graphite-based Li-ion batteries. Monolayer MoS2 has soon
been implemented in ﬁeld-effect transistors (FET) (Fig. 2e) with
superb on/off ratios of 107–108 [26,33,34] in comparison to the
much lower 100–101 on/off ratios typical for graphene [35], and
phototransistors with fast (>50 ms)  switching times [36]. Optoelec-
tronic properties of 2D materials are dominated by quasiparticles
such as excitons and trions, i.e. bound complexes of photogener-
ated holes and electrons. Their binding energies are typically 1 or
2 orders of magnitude larger than in conventional 3D semiconduc-
tors, which results in their longer lifetimes and diffusion paths prior
to their recombination, making them relevant and observable at
room temperature [37].
The overarching idea behind the enormous research efforts in
the ﬁeld of 2D materials is the prospect of building an inven-
tory of stable, atomically-thin building blocks of nanomaterials,
whose electronic properties range widely from insulators (e.g. hBN
or mica), semiconductors (e.g. MoS2 or phosphorene), semimetals
(e.g. graphene or TiS2), to metals (e.g. VSe2 or PtTe2), or even more
exotic groups of materials such as superconductors (e.g. NbSe2 or
TaS2) or topological insulators (e.g. Bi2Te3 or stanene). Further-
more, heterostructures can be constructed either by stacking of the
individual 2D materials on top of one another (vdW heterostruc-
tures), or through synthesis of different 2D materials in the same
plane (lateral heterostructures), which opens a much wider world
of artiﬁcial nanomaterials with diverse functionalities packed into
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Fig. 1. Two-dimensional ZOO. a, Simpliﬁed periodic table highlighting the elements, which form the most common layered and 2D materials. b,c,d, Crystal structures of
graphene, phosphorene, and MoS2 bilayers, respectively. e, Schematic of the two most common TMDC phases, 2H and 1T. The lattice parameters in b, c, and d are taken from
[368], [369], and [24], respectively. Figures adapted with permission from: b, [47] © 2011 American Physical Society. c, [99] © 2000 John Wiley and Sons. d, [33] © 2011
Nature Publishing Group. e, [23] © 2012 Nature Publishing Group.
a thickness of a few nm [22,38]. Importantly, the properties of 2D
materials can be tuned “on-demand” by external stimuli such as
electric ﬁeld, strain, illumination, or functionalisation. In the fol-
lowing chapters we will review the fundamental properties of 2D
materials in the context of electrochemistry and condensed matter
physics.
2. Properties, preparation, and characterisation of 2D
materials
2.1. Crystal structure of 2D materials
Monolayer graphene and hBN are the only true 2D crystals
where all the atoms, covalently bound in a hexagonal lattice, occupy
the same plane (Fig. 1b). Other single-element 2D materials such
as phosphorene form corrugated (or buckled) structures with the
atoms distributed across more than one plane (Fig. 1c).
M.  Velicky´, P.S. Toth / Applied Materials Today 8 (2017) 68–103 71
Fig. 2. Electronic, optical, and mechanical properties of 2D materials. a, Dependence of resistance on carrier concentration in monolayer graphene. b, Evolution of the PL with
the  number of layers in MoS2 due to the indirect-to-direct band gap transition between bulk and monolayer. c, The increase in PL intensity observed in monolayer MoS2.  d,
Changes in the electronic band structure of MoS2 as a function of thickness. e, Current–voltage characteristics of a monolayer MoS2 FET. f, Differential reﬂectance spectra
of  WS2 as a function of thickness. g, AFM image of a few-layer MoS2 crystal suspended over micron-sized holes in an SiO2 substrate. h, Corresponding measurement of the
applied  force as a function of deformation for different MoS2 thicknesses. The abbreviations in b, d, and f correspond to the A, B, and C excitons and the indirect transition (I).
Figures  adapted with permission from: a, [47] © 2011 American Physical Society. b−c, [63] © 2010 American Physical Society. d, [68] © 2010 American Chemical Society. e,
[33] © 2011 Nature Publishing Group. f, [165] © 2013 American Chemical Society. g−h, [81] © 2012 John Wiley and Sons.
Table 1
Crystal structure parameters of the most common TMDCs.
2D material Interlayer distancea (Å) vdW gapb (Å) MX2 sandwich thickness (Å) M–X  bond length (Å) M|M distancec (Å)
2H-MoS2 6.15 2.98 3.17 2.42 3.16
2H-MoSe2 6.47 3.24 3.23 2.49 3.29
2H-MoTe2 7.28 3.68 3.60 2.72 3.52
2H-WS2 6.16 3.02 3.14 2.40 3.15
2H-WSe2 7.00 3.76 3.24 2.49 3.29
1T′-WTe2 7.02 3.80–3.90 3.50–4.00 2.71–2.82 2.86
a Distance the M atomic planes in two neighbouring layers.
b Closest distance between the X atomic planes in two  neighbouring layers.
c Closest distance between two M atoms (also between two  X atoms).
Data collected from the following references: [24,42,45,46,370,371].
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Table  2
Charge carrier mobility in graphene and TMDCs.
2D material Mobilitya (cm2 V−1 s−1)
Bulk (>10 layers) Monolayer
Graphene 10,000 >140,000
2H-MoS2 60–200 >200
2H-MoSe2 160–250 50
2H-MoTe2 40 –
2H-WS2 20–100 0.2
2H-WSe2 120–150 30–180
1T’-WTe2 6000–44,000 20–21,000
a Typical values at room temperature (large variation is common in literature).
Data collected from the following references: [4,33,52,54,75,117,134,137,354,372].
Monolayer TMDCs are three atoms thick and comprise of an
X–M–X sandwich (Fig. 1d and e) with either trigonal prismatic or
octahedral coordination of the metal atom [24]. The d orbitals of
M and the p orbitals of X facilitate their covalent bonding within
an MX2 monolayer, the atoms are arranged in a hexagonal pattern
when viewed in the c-axis direction, and the individual layers are
held by the weak vdW forces. Importantly, all the accessible orbitals
of M and X at the basal surface are involved in the intralayer bond-
ing, leaving only the high-energy antibonding orbitals for interlayer
or external bonding, which leads to a complete absence of dangling
bonds [30]. The interlayer distances and intralayer bond lengths
generally increase with the size of M and X, as shown in Table 1.
The metal coordination and stacking order between the indi-
vidual layers deﬁnes the phase or the polytype of a TMDC (Fig. 1e).
Common phases are 1T, 2H, or 3R, where 1, 2, 3 deﬁnes the num-
ber of X–M–X sandwiches per unit cell in the c axis direction and T
(tetragonal), H (hexagonal), R (rhombohedral) denotes the crystal
symmetry [24,39]. The phase determines the properties of TMDCs:
i.e. MoS2 exist either as 2H, which is a thermodynamically stable
semiconducting phase with a bulk band gap of ∼1.2 eV, or as 1T,
which is a metastable metallic phase. The 2H and 1T phases can be
transformed to one another by simple gliding of the atomic planes,
demonstrated by an in situ electron microscopy [40], or by chemi-
cal modiﬁcation [41]. The coordination of the M atoms is a trigonal
prismatic in the 1H and 3R phases and octahedral in the 1T phase
(Fig. 1e) [24].
Most group 6 TMDCs exist in the 2H phase but the tellurides
are also prone to form the 1T′ distorted octahedral structure of
CdI2, sometimes also called Td phase [8,24,42]. The displacement
of the M atoms from the octahedral centre in the 1T′ phase leads
to a reduction in the minimum M|M  distance and to a semimetallic
behaviour as shown in Tables 1–3 [43–46]. From hereon, all TMDCs
will be assumed to be of the 2H phase, unless stated otherwise.
2.2. Electronic, optical, and mechanical properties of 2D materials
Band diagrams describe the electronic structure of solids, whose
multitude of electronic states lead to continuum-like bands of
allowed energy levels. Solids are then classiﬁed based on their elec-
tronic structure: metals and semimetals with a large and small
overlap between their valence band (VB) and conduction band (CB),
respectively, and semiconductors and insulators with a 1–4 eV and
>4 eV band gap between their VB and CB, respectively. Graphene
occupies a unique position amongst other 2D materials due to its
zero-band gap semiconducting nature and a linear dispersion of
charge carriers near the K and K′ points of the Brillouin zone. This
results in relativistic-like charge carriers, wavelength-independent
light absorption, Klein tunnelling, and other interesting physical
phenomena [7,47]. Conductivity () of graphene is intrinsically
high due to the high charge carrier mobility () in graphene, and it
is readily tuneable through charge carrier density (n), according to
the Eq. (1), where e is the elementary charge. Fig. 2a demonstrates
Table 3
Band gap evolution with thickness for the most common TMDCs.
2D material Band gap (eV)
Bulk Tetralayer Trilayer Bilayer Monolayer
2H-MoS2 1.23I 1.41I 1.46I 1.59I 1.89D
2H-MoSe2 1.09I – 1.34I 1.46I 1.57D
2H-MoTe2 0.93I 1.00I 1.02 1.05I 1.08D
2H-WS2 1.35I 1.47I 1.53I 1.73I 1.98D
2H-WSe2 1.20I 1.42I 1.45I 1.54I 1.66D
1T’-WTe2 Semimetal/metal (∼0.5 eV overlap between W 5d and Te
5p  bands)
I Indirect band gap determined at room temperature.
D Direct band gap determined at room temperature.
Data collected from the following references: [43,63,69,165,245,249].
this ambipolar nature of graphene in the vicinity of the Dirac point
[6,48].
 = ne (1)
The charge carrier mobility of semiconducting 2D materials
is strongly dependent on factors such as charge carrier polar-
ity, temperature, number of layers, substrate, charged impurities,
localised states, defects, device geometry, and contacts. Thus, large
discrepancies are found in the electronic transport of mono- and
few-layer MoS2 with the mobility ranging over 6 orders of mag-
nitude, between 0.03 and 34,000 cm2 V−1 s−1 [18,33,49,50]. The
mobility generally increases with the number of layers in TMDC
FETs [18,51,52], although exception to this have been reported
[26] and attributed to the interlayer resistance [53]. The charge
carrier density depends on the intrinsic and extrinsic doping lev-
els, electric ﬁeld, and recombination centres. The typical values of
∼1012 cm−2 increase signiﬁcantly to 1013–1014 cm−2 when elec-
trochemical top-gating using polymers, ionic liquids, or organic
solvents is employed [54], as discussed later. Mobilities of graphene
and group 6 TMDCs are compared in Table 2.
Semiconducting 2D materials also experience strong enhance-
ment of the Coulomb interactions among charge carriers and
defects due to the quantum conﬁnement and signiﬁcantly reduced
dielectric screening [55,56], as schematically shown in Fig. 3a. As
a result, long-lived excitons and trions with spatial extent of sev-
eral nm are observed in monolayer TMDCs [37,57]. Their binding
energies, e.g. ∼320 meV  for excitons in WS2 [57] and ∼20 meV  for
trions in MoS2 [58], which are several times higher than those in
bulk, imply high thermal stability of these quasiparticles at room
temperature and therefore their direct relevance to electrochemi-
cal studies. Biexcitons with a binding energy of ∼52 meV  have also
been recently observed in the emission spectra of monolayer WSe2
at high exciton densities [59]. These results open new experimental
avenues for studying many body physics phenomena, which were
previously only observed in exotic systems such as quantum wells
at low temperatures [60,61].
The electronic band structure of most 2D materials is thickness-
dependent as a result of the strong interlayer coupling and quantum
conﬁnement (Figs. 2b–d and 3b) [62–64]. Due to the strong hybridi-
sation between d orbitals of the M atoms, bulk group 6 2H-TMDCs
possess an indirect band gap of 0.9–1.4 eV, originating from the
transition between the VB maximum (VBM) at the  point to the
CB minimum (CBM) halfway between the  and K points [8,65],
as shown in Fig. 2d and Table 3. This indirect transition is strongly
affected by the presence of neighbouring layers due to the fact that
the VBM states near the  point are a linear combination of the
d and p orbitals of M and X and that the involved holes and elec-
trons have low out-of-plane masses. In contrast, the smallest direct
band gap, which is larger in size than the indirect one, originates
from the d–d metal orbital transitions at the K (and K′) point of
the VBM and CBM [24,66,67]. The direct transition remains almost
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Fig. 3. Quantum conﬁnement and reduced dielectric screening in 2D materials. a,
Schematic of the conﬁnement of charge carriers and the reduced dielectric screening
due to the absence of adjacent layers in 2D materials in comparison to bulk 3D
materials. b, Consequent increase of the band gap and exciton binding energy in
semiconducting 2D materials. Figure adapted with permission from [57] © 2014
American Physical Society.
unaffected by the interlayer interaction because the M d orbitals
are nested inside the X–M–X sandwich and the holes and electrons
at the K (K′) point have much higher out-of-plane mass than free
electrons [63,67,68]. As a result, the indirect band gap is strongly
dependent of the number of layers, while the direct one is not
(Fig. 2d). These changes are manifested by energy shifts in the TMDC
photoluminescence (PL) spectra shown in Fig. 2b. Importantly for
optoelectronics, this band structure evolution is accompanied by
an enormous increase of PL intensity in monolayer TMDCs in com-
parison to thicker layers [63,68,69] as shown in Fig. 2c. For the
group 6 TMDCs, the band gaps increase with the increasing size
of M and decreasing size of X, regardless of thickness [23,62,70],
as shown in Table 3, whereas the VBM and the CBM increase with
the increasing size of both M and X [37,71]. Furthermore, the direct
band gap comprises of two excitonic transitions, A and B, at energies
between 1.1 and 2.4 eV, originating from the transition between
the spin–orbit split VBM (indicated in Fig. 2d by magenta circles)
and doubly degenerate CBM at the K (K′) point, and further tran-
sitions are observed at higher energies (2.5–4.8 eV) [39,66,72–74].
The size of the A–B energy splitting increases with the increasing
size of M and X (Table 4) due to a greater overlap between the outer
orbitals of larger atoms [73,74]. 1T′-WTe2 is an exception to this due
to its perfectly-compensated semimetallic character with a small
overlap between the W 5d and Te 5p orbitals due to the distorted
octahedral coordination discussed earlier [43,75].
Table 4
A and B exciton energies in bulk TMDCs.
2D material Bulk exciton energies (eV)
A B A−B
2H-MoS2 1.88 2.06 0.18
2H-MoSe2 1.57 1.82 0.25
2H-MoTe2 1.10 1.48 0.38
2H-WS2 1.96 2.36 0.40
2H-WSe2 1.62 2.19 0.57
Data collected from the following references: [43,72,74,165].
The absorption spectrum of TMDCs is well matched to the
solar spectrum and more than 95% of the sunlight is absorbed
in even polycrystalline ﬁlms of sub-micrometre thickness, much
thinner than the current photovoltaics standard [76]. Theoreti-
cal calculations and experiments indicate that a monolayer TMDC
crystal can absorb ∼5–10% of sunlight, corresponding to as much
as 50 nm Si or 15 nm GaAs, and are able to generate about ten
times higher photocurrent [25]. However, due to the complex
electronic band structure of TMDCs, their absorption/reﬂectance
is strongly dependent on the wavelength of the incident light
[73,74,77], as demonstrated by the differential reﬂectance spec-
tra in Fig. 2f. In contrast, monolayer graphene only absorbs ∼2.3%
of light, a value, solely deﬁned by the coupling between light
and the relativistic-like electrons in graphene, and independent
of wavelength in the visible range [78]. The wavelength-speciﬁc
transmission/absorption scales linearly with the number of lay-
ers for most thin 2D materials but this proportionality breaks
down in thick crystals [63,78]. The absorption coefﬁcient between
the IR and near-UV is typically on the order of ∼104–106 cm−1
[70,72–74,77,79] and is generally higher for the W-based than
Mo-based TMDCs [73,74]. Furthermore, the equivalent absorption
coefﬁcients of monolayer MoS2 and graphene are 2–3 times higher
than that of the bulk crystals [25].
Mechanical properties of 2D materials have also been studied
extensively. Monolayer MoS2 withstands strain up to 11%, defor-
mations up to several tens of nm without breaking, and has Young’s
modulus similar to that of steel, as found by the atomic force
microscopy (AFM) measurement on crystals suspended over holes
in an SiO2 substrate, shown in Fig. 2g and h [80,81]. Such strength
and elasticity makes it suitable for applications where sturdiness
as well as ﬂexibility is required. Ripples and wrinkles, which are
known to form in 2D materials due to the localised strain and differ-
ing thermal expansion coefﬁcient of the 2D material and substrate,
were predicted to grow in size with temperature and decrease the
size of the band gap in MoS2 [82]. These ripples have typical height
of 1–25 nm,  periodicity of 40–300 nm,  and have been shown to
correlate with changes in the surface potential and charge [83].
Strong, thickness-dependent piezoelectricity, for the odd number
of layers only, was observed in mono- and few-layer MoS2 with the
strongest effect and ∼5% mechanical-to-electrical energy conver-
sion efﬁciency observed in monolayer [84]. Frictional properties of
MoS2 in relation to surface oxidation, moisture, and temperature
have been studied extensively because of its use as a lubricant [85].
The melting temperature of most 2D crystals generally decreases
with the decreasing thickness, and, while sulphides and selenides
tend to be thermodynamically stable, tellurides (and most metallic)
TMDCs are not [14,86].
2.3. Preparation methods
Graphite, molybdenite (MoS2), and mica are the most common
layered crystals found naturally in appreciable quantities and high
quality at multiple locations worldwide (Fig. 4a). These miner-
als typically contain small amounts of bulk impurities (∼1 at% or
less), and their surface is slightly oxidised [79,87–89]. Two  distinct
approaches exist for the preparation of 2D materials: a top-down
exfoliation of bulk layered crystals and bottom-up synthesis from
molecular precursors.
Mechanical exfoliation (ME) is a top-down preparation method
of mono- or few-layer 2D materials from either natural or syn-
thetic bulk crystals. Thin layers of MoS2 (3–10 nm)  were isolated
by ME  as early as 1960s [79,90,91]. The simple method of “peeling”
or “cleaving” the bulk crystals using an adhesive tape or ‘rubbing’
bulk crystals against a solid surface, schematically shown in Fig. 4b,
remains principally unchanged [6,9], and only minor modiﬁca-
tions have been adopted to maximise the adhesion forces between
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Fig. 4. Preparation of 2D materials. a, Photographs of (left-to-right) graphite, molybdenite (MoS2), muscovite (mica), GaSe, and orpiment (As2S3) from the authors’ collection.
All  crystals except GaSe were mined naturally, all scale bars correspond to 0.5 cm. b, ME  of 2D materials using an adhesive tape and suitable substrate. c, Optical image of ME
graphene/graphite crystals on an SiO2/Si substrate, numerals indicate the number of graphene layers. d, Dispersions of various 2D materials in an organic solvent (NMP). e,
Electrochemical exfoliation based on Li+ intercalation into the bulk layered structure of TMDCs. f, top-panel: CVD growth of MoSe2 crystals, bottom-left panel: nucleation of
multiple MoSe2 single crystals, bottom-right panel: large single crystal of monolayer MoSe2. g, Construction of vdW heterostructures from individual 2D materials. Images
in  a, photographed by Julia Velicky´. Figures adapted with permission from: b, [135] © The Royal Swedish Academy of Sciences, reproduced by permission of IOP Publishing,
all  rights reserved. d, [97] published by Elsevier under CC-BY licence. e, [107] © 2011 John Wiley and Sons. f, [117] © 2013 American Chemical Society. g, [22] © 2016 The
American Association for the Advancement of Science.
the crystal and substrate [51,92]. This technique produces a very
clean, high quality basal surface suitable for fundamental research
(Fig. 4c), and, when optimised, crystals with lateral dimensions of
0.1–1 mm can be made [1,13,93]. Crucially, virtually all the novel
properties of 2D materials were discovered using ME crystals and,
as such, it remains one the most important preparation techniques.
Ultrasonication-assisted liquid-phase exfoliation (LPE) has
become a very popular top-down method for production of large
quantities of thin 2D nanosheets dispersed in a solvent (Fig. 4d), fol-
lowing the pioneering work of Coleman’s group [94–96]. It is based
on forcible breaking of the vdW forces between the individual lay-
ers in a solvent whose surface energy matches well that of the 2D
material. Most popular solvent, which is universal to exfoliation of
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graphene and most TMDCs is N-methyl-pyrrolidone (NMP), other
solvents such as N,N-dimethylacetamide, acetone, or isopropanol
(IPA) were also used [94–98]. NMP  potentially has a protective role
against surface oxidation as recently suggested [97]. LPE was also
successfully applied to produce the unstable 2D material phospho-
rene [99] and ∼10 g quantities were achieved using benzonitrile
under inert atmosphere [100]. Centrifugation is an effective way of
selective separation of populations of 2D nanosheets with a certain
lateral size and the typical LPE production times vary between 2
and 6 h.
Lithium intercalation of n-butyllithium and other organometal-
lic compounds in organic solvents (typically hexane) into the group
4 and 6 TMDCs, and the subsequent reaction with water leading to
hydrogen gas evolution, is an effective top-down exfoliation tech-
nique [101–103], which also alters the 2H to 1T phase [41]. This
method requires a long time (days) and results in 2D nanosheets of a
small lateral size. A derived method based on an expansion by ther-
mal  decomposition of hydrazine, intercalation using alkali-metal
naphthalenides, and subsequent LPE was also successfully applied
to a range of TMDCs and produced monolayer MoS2 nanosheets
with an impressive 10–30 m lateral size [104].
Electrochemical methods have also been successfully applied
to the liquid-based top-down exfoliation of 2D materials after
the early success for graphene [105,106]. Electrochemical lithia-
tion using a LiPF6 in ethyl/dimethyl carbonate mixture followed
by LPE (Fig. 4e) works well for exfoliation of several TMDCs, with
an outstanding 92% yield of monolayer MoS2 [107]. Liu et al. pre-
pared large monolayer MoS2 ﬂakes up to 50 m in lateral size by
ultrasonication-free electrochemical oxidation of an aqueous solu-
tion of Na2SO4 at +10 V, with typical production times of 0.5–2 h
[108]. Similar method based on an alternating anodic and cathodic
DC voltage was recently demonstrated for exfoliation of topological
insulators Bi2Se3 and Bi2Te3 [109].
The advantages of the solution-based exfoliation techniques
(LPE, Li+ intercalation, and electrochemistry) are the scalability and
compatibility with the existing technologies such as inkjet printing,
ﬁltration, and centrifugation [22,97,104,110]. The disadvantages
include limited control over the ﬂake dimensions, unintentional
chemical functionalisation, need for removal of the solvent or
surfactant molecules, and restacking or agglomeration. Although
these methods are not suitable for fundamental electrical, opti-
cal, or electrochemical measurements, they are a perfect match
for applications in catalysis, supercapacitors, or sensors, where the
compromised material quality is not an issue [111,112]. Laser abla-
tion of bulk crystals is an example of a less common top-down
method [93].
Chemical vapour deposition (CVD) is a very popular and fast-
developing method for the bottom-up synthesis of graphene and
TMDCs, with typical growth times of 10–20 min. Lateral size of the
single crystal domains can reach more than 100 m (Fig. 4f) and the
overall substrate (typically SiO2) coverage is limited only by the size
of the active zone within the CVD furnace [113–115]. The method
relies on a reaction between two molecular precursors in a vapor-
ised state at high temperature (typically 700–900 ◦C). In the case of
MoS2, this is done by vaporising MoO3 and S precursors under Ar or
N2 gas ﬂow [51,116], preferably in a two-zone furnace for a separate
temperature control of the two precursors [113]. A reducing hydro-
gen atmosphere has also been proven crucial for certain TMDCs
[117]. Alternatively, thin layers of metal oxide, deposited on a sub-
strate by vacuum thermal evaporation, are exposed to chalcogenide
vapour and are let to react to form the desired material [118,119].
CVD crystals of TMDCs assume typical triangular shapes (Fig. 4f),
either inherent to the TMDC crystallisation or adopted from the
parent metal oxide crystals. Careful control of the nucleation rate,
precursor concentration, substrate-treatment, and gas ﬂow leads
to large area single crystals of good quality and reproducible thick-
ness [51,120–122]. Edge-terminated vertically-aligned MoS2 and
MoSe2 nanosheets have also been grown on various substrates by
sulfurisation and selenisation of Mo,  respectively [123,124]. CVD is
often thought to be the second best after ME  in terms of the crys-
tal quality and has the advantage of scalability and better control
over thickness and size of the 2D crystals than other methods. It is
also suitable for the in situ growth of lateral 2D heterostructures,
as shown in Fig. 5e and f [13,121].
Chemical vapour transport (CVT), which is an artiﬁcial equiva-
lent of geological mineral growth, is a related bottom-up method
popular for growth or recrystallisation of bulk single crystals of
TMDCs. It is based on a reaction between precursors compounds
followed by transport using a halogen gas and re-crystallisation in
a dual zone temperature-gradient glass or quartz tube [46,125,126].
Related Bridgman–Stockbarger method is used for synthesis of less
common chalcogenides such as InSe or GaSe [127,128].
Epitaxial growth is popular for growing elemental 2D materials
including graphene [129], silicene [130], germanene [131], stanene
[132], vdW and lateral heterostructures [22], and 2D materials
which do not normally form layered structures [13]. The crystallo-
graphic orientation of an epitaxial ﬁlm is determined by the choice
of substrate, typically Si(111), Ag(111), Au(111), or other layered
materials. For example, an epitaxial ﬁlm of mono- and few-layer
stanene nano-islands with an average lateral size of 5 nm and sur-
face coverage of ∼90% were produced on a Bi2Te3(111) substrate
[132].
Other bottom-up methods include a direct synthesis of
TMDCs using stoichiometric mixtures of constituent elements at
high temperature and low pressure [42,133], hydrothermal (or
solvothermal) synthesis of MoS2 from the aqueous solutions of
ammonium molybdate and thiourea precursors at high tempera-
ture and pressure [2,13], or “ﬂux” synthesis of 1T′-MoTe2 based on
mixing of a stoichiometric ratio of Mo  and Te powders in liquid
NaCl under vacuum at 1100 ◦C [134].
Transfer methods of 2D materials enable the use of an arbitrary
target substrate, encapsulation of 2D materials in protective lay-
ers, or construction of vdW heterostructures, shown schematically
in Fig. 4g [14,135–137]. Both wet transfer using a sacriﬁcial mem-
brane or dry “pick-and-lift” transfer techniques rely on the use of
polymers, alignment of the 2D ﬂakes, and use of adhesion forces
between different 2D materials [27,52,93]. Vacuum or inert gas
annealing of 2D materials and their heterostructures at elevated
temperatures is very common way  of obtaining pristine surfaces
and interface with minimum contamination [138,139].
2.4. Characterisation techniques
A range of experimental techniques can be used to determine
the structure, number of layers, chemical composition, and elec-
trical, optical, and mechanical properties of 2D materials. These
include optical, scanning probe, and electron microscopy, X-ray
diffraction, X-ray photoelectron microscopy (XPS), electronic trans-
port measurement, electrochemistry, Raman and PL spectroscopy,
and UV–vis spectroscopy.
Optical visualisation and imaging of 2D materials on suitable
substrates still remains one of the most popular ways of rapid
identiﬁcation of thin crystals. The wavelength-dependent contrast
between monolayer graphene and an SiO2/Si substrate reaches
10% for green light and 90/280 nm thick SiO2 [140]. Hence mono-
layer ﬂakes of large enough lateral dimensions (>1–2 m)  are
easily detectable using a standard optical microscope as shown in
Fig. 4c. Contrast of most TMDCs reaches 40% on similar substrates
[141,142]. The absorption/transmission and therefore the apparent
colour of 2D crystals is also thickness- and wavelength-dependent
[79], and provides an additional optical aid. Interestingly, the termi-
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Fig. 5. Characterisation of 2D materials. a, Evolution of WS2 Raman spectra with the number of layers using polarised 473 nm excitation, the inset schematics shows the
vibrations of the E12g and A1g modes (left and right, respectively). b, Bright-ﬁeld TEM image of a monolayer MoS2 crystal with Mo-atom termination at the edge. c, diffraction
pattern from b. d, Atomic-resolution ADF-STEM of monolayer MoS2. e, SEM image of lateral heterostructures of monolayer MoS2 and WSe2. f, Atomic-resolution ADF-STEM
of  the MoS2/WSe2 heterostructure interface. g, High-resolution XPS spectra of the Te 3d (left) and W 4d (right) spectral regions of 1T′-WTe2. h, Absorbance spectra of 2D
nanosheets dispersions in NMP (MoS2 and WS2) and IPA (hBN) prepared by LPE. Figures adapted with permission from: a, [157] © 2013 The Royal Society of Chemistry. b−d,
[115] © 2013 Nature Publishing Group. e−f, [181] © 2014 Nature Publishing Group. g, [44] published by Nature Publishing Group under CC-BY licence. h, [94] © 2011 The
American Association for the Advancement of Science.
nation of triangular CVD crystals of MoS2 (Fig. 5b) can be predicted
from the shape of the crystal edge [115].
AFM is indispensable in determining the number of layers of
2D materials, especially for few-layer and thicker crystals (Fig. 2g).
The step-height between a 2D surface and substrate is often
0.2–1 nm higher than expected due to the adsorption of ubiqui-
tous organic molecules, water, surface oxidation, or interactions
between the substrate and crystal, and the step-height measure-
ment between different 2D layers is more reliable [143–148].
Other scanning probe microscopy techniques such as electro-
static force microscopy, ultrasonic force microscopy, Kelvin probe
force microscopy, scanning tunnelling microscopy (STM), and scan-
ning tunnelling spectroscopy (STS) are used to study the surface
potential, charge distribution, and band structure in 2D materials
[83,149–151], exempliﬁed by Fig. 12.
Raman spectroscopy is a very powerful and rapid characterisa-
tion technique, which has successfully been applied to graphene
and other 2D materials [143,152,153]. The two main active Raman
modes in 2D materials, E12g and A1g, which correspond to the
symmetric in-plane and out-of-plane vibrations lattice vibrations,
respectively [133,154], strongly depend on the number of lay-
ers and can be selectively “switched on/off” using polarisation,
as demonstrated in Figs. 5a and 17c. The A1g mode softens (red-
shifts) with the decreasing number of layers due to the weakening
of the restoring forces acting upon vibrations in few-layer MoS2,
MoSe2, MoTe2, and WS2, whereas the E12g mode stiffens (blueshifts)
with the decreasing thickness, which is counterintuitive and indica-
tive of additional interlayer interactions or a dependence of the
intralayer bonding on thickness [69,143,155–158]. Raman spec-
trum of WSe2 follows the same thickness-dependence trends
but degeneracy is observed in monolayer and few-layer crystals
[157]. The observed Raman shifts decrease with the increasing
molecular weight of MX2. The additional B12g mode observed in
group 6 selenides and tellurides corresponds to the asymmetric
out-of-plane vibrations due to the symmetry breaking along the
c-axis and can also be used to determine the number of layers
[69,86,156,159]. The Raman spectra of group 6 semiconducting
TMDCs show additional resonant modes, which appear when the
excitation energy is close to the direct band gap transitions at the K
(K′) point [29,133,157,160]. Furthermore, at low excitation energies
the Raman spectrum also overlaps with the PL emission. Therefore,
“off-resonance” laser excitation wavelengths, e.g. 514 and 532 nm
for MoS2 or 473 and 488 nm for WS2 are preferred for a straightfor-
ward Raman characterisation. Group 4 TMDCs show no resonant
Raman scattering [133]. The Raman spectra of other less common
2D materials such as phosphorene [99,144] or 1T′-PtS2 [161] also
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strongly depend on the number of layers (Fig. 17c). Finally, the
Raman mode frequencies of some 2D materials such as 1T-HfS2,
1T′-ReS2, or 4H-SnS2, do not depend on their thickness, indicat-
ing only weak electronic coupling between the individual layers
[162–164].
The PL originating from the direct band gap transition (A exci-
ton) at the K (K′) point in group 6 monolayer TMDCs is observed in
all thicknesses but it is ∼2–3 orders of magnitude more intense in
monolayer than in bulk due to the direct-indirect band gap tran-
sition discussed above (see Table 3 and Fig. 2c). The A exciton PL
energy only slightly blueshifts (20–50 meV) with decreasing thick-
ness, in comparison to the large blueshifts (340–380 meV) of the PL
originating from the indirect band gap transition (Fig. 2b), indicat-
ing strong and weak interlayer coupling for the indirect and direct
transition, respectively [63,69,90,165]. The W-based TMDCs gener-
ally have about an order of magnitude higher PL than the Mo-based
ones. The shape and intensity of the PL spectra varies substan-
tially due to the 2D material–substrate interactions [69,146,150],
temperature [148], defect density [56,166], and surrounding media
[167].
Both Raman and PL spectra intensities of mono- and few-layer
2D materials depend strongly on their thickness, identity of the
substrate, and external strain and doping [83,168–172]. A strong
enhancement is observed in few-layers, in comparison to mono-
layer and bulk, which originates from the optical interference effect
in the multi-interface 2D material/SiO2/Si system [98,143,147].
Raman spectrum of MoS2 is sensitive to defects and crystallinity,
albeit at high defect densities, as demonstrated by comparing the
edge and basal surface [173], bombardment of monolayer MoS2 by
manganese ions [174] and growth of edge-terminated vertically-
aligned MoS2 [123,175].
Electron microscopy and diffraction techniques are routinely
used for 2D materials characterisation as shown in Fig. 5b–f. These
include electron diffraction, scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and annular dark-ﬁeld
(ADF) or high-angle annular dark-ﬁeld (HAADF) scanning trans-
mission electron microscopy (STEM), often combined with the
energy-dispersive X-ray spectroscopy (EDXS). Despite their low-
throughput, these methods are powerful for examination of atomic
defects, grain boundaries, edge termination, and bonding in 2D
materials [115,176–180], determination of the stacking sequence
in TMDCs [158], or quantum dot phase engineering in monolayer
MoS2 [40]. High-resolution HAADF-STEM is especially useful for
characterisation of lateral heterostructures (Fig. 5e and f) [121,181]
and vertical vdW heterostructures in conjunction with cross-
sectional analysis using focused-ion beam and electron energy loss
spectroscopy [27,139].
XPS is a surface-sensitive technique, useful for the determina-
tion of the chemical composition of a 2D material (Fig. 5g), including
the oxidation states of the elements [109,182–184]. It has also been
used to determine the type of doping in MoS2 [185] and VBM energy
in tin sulphides [184]. XPS is particularly useful in quantiﬁcation
of 2D materials ageing through adsorption of impurities and sur-
face oxidation [44,87,89], and defect density [173], as shown in
Figs. 11c and 14d.
Other characterisation techniques also deserve a brief acknowl-
edgement. UV–vis absorption spectroscopy (Fig. 5h) is used for
the observation of excitonic transitions in the TMDCs spectra
[51,94,97], determination of the band gap using the Tauc plot
[186], and quantiﬁcation of LPE 2D nanosheets’ concentration [94].
Dynamic light scattering is used to determine the lateral size of
2D nanosheets in liquids [187]. X-ray diffraction is crucial in deter-
mining the crystal structure [44,187] and interlayer spacing of 2D
materials, especially in intercalation experiments [104]. Fourier
transform infrared spectroscopy (FTIR) and ellipsometry can iden-
tify thin contamination ﬁlms on graphene, graphite, and MoS2
[188,189]. Advances in determination and imaging of the electronic
band structure using angle-resolved photoemission spectroscopy
have been crucial for fundamental understanding of 2D materi-
als, heterostructures, and some exotic properties [2,43]. Theoretical
and computational approaches such as density functional theory
(DFT) are invaluable in determining the electronic band structure
of 2D materials and its dependence on factors such as number of
layers, electric ﬁeld, or strain [98,138,190,191], or the assignment
of vibrational modes in Raman spectra [44]. Molecular dynam-
ics simulations are a powerful tool to predict the interactions
between 2D materials and liquids [192–195]. Electronic transport
measurements are used to study the carrier transport and con-
ductivity/resistivity behaviour [6,33,144]. Finally, electrochemical
techniques, which will be the focus of the following chapters,
assess the rate of electron transfer, capacitance, catalytic activity,
or adsorption [146,173,196].
3. Electrochemistry of 2D materials
3.1. Basic concepts
Here, we review basic electrochemical concepts necessary to
grasp the content of the following chapters. The arbitrary standard
hydrogen electrode (SHE) potential scale used by electrochemists
is shifted by −4.4 eV in respect to the absolute energy scale, on
which zero is deﬁned as the energy of an electron at rest in vac-
uum, as shown in Fig. 6a [197]. The potential (voltage) has the
opposite “polarity” to the electron energy, so that e.g. an increase in
potential corresponds to a decrease in energy. The electrochemical
performance of a solid electrode is generally assessed by two  key
parameters, which are intimately linked to the electronic structure
of the solid and properties of the surrounding liquid medium. These
are the heterogeneous electron transfer (HET) rate (k0) between the
electrode and a molecule dissolved in the liquid (Fig. 6b), and the
interfacial capacitance arising from the electric double-layer, estab-
lished at the electrode/liquid interface due to the potential drop
(Fig. 6c) [198]. Model redox mediators such as [Ru(NH3)6]3+/2+ or
[Fe(CN)6]3−/4−, i.e. molecules that can be both reduced and oxidised
depending on the relative positions of their standard redox poten-
tial, E0redox, and the electrode Fermi level, EF, are used to determine
the HET. However, k0 is always speciﬁc to a given redox reaction
and should be assessed that way. In particular, inner-sphere redox
mediators are (unlike the outer-sphere ones) sensitive to the elec-
trode material and its surface chemical states [198]. Knowledge of
the HET is essential for operation of batteries: the higher the k0,
the faster and more effective the battery performance. The interfa-
cial capacitance describes the energy stored at the electrode/liquid
interface and its knowledge is crucial for supercapacitors, which
are devices with high power density, excellent stability during
prolonged cycling, but low energy density. Battery-supercapacitor
hybrid systems thus could be the future electrochemical energy
storage solutions exploiting the fast charging of a supercapaci-
tor and the high energy density of a battery. It is worth realising
that while the HET is size-independent, the interfacial capacitance
scales with the electroactive area of an electrode. Furthermore,
slow charge carrier transport in bulk crystals at low mobilities
(<1 cm2 V−1 s−1) can be limiting factor in electrochemical studies.
2D materials are uniquely suited for fundamental and applied elec-
trochemical studies: due to the extreme thinness, their surface
area is extremely large and the potential drop at the solid/liquid
interface is “felt throughout the 2D interior” as well.
Most common electrochemical techniques employed to study
the electrochemical properties are based on measurement of
three variables: current, potential, and time. These include
voltammetry, chronoamperometry, electrochemical impedance
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Fig. 6. Basic concepts in electrochemistry. a, Comparison of the absolute energy scale used in condensed matter physics with the SHE potential scale commonly used in
electrochemistry. b, Schematic of the HET between a redox molecule (in liquid) and a solid electrode. c, Schematic of the electric double-layer giving rise to an interfacial
capacitance. d, Two most common conﬁgurations for electrochemical characterisation of 2D materials. Left: 2D material on an insulating substrate is contacted directly,
typical for ME and CVD crystals; right: 2D material is placed directly on a conducting underlying substrate, typical for LPE crystals. e, Two most common electrode geometry
conﬁgurations. Top: macroelectrode resulting in linear diffusion in the liquid; bottom: microelectrode resulting in radial diffusion in the liquid. f, Description of the different
surface types of layered and 2D materials.
spectroscopy, and scanning electrochemical microscopy [198].
Static, diffusion-limited measurements are a standard but hydro-
dynamic voltammetry using rotating-disc electrode has been also
successfully applied for electrochemical studies of MoS2 [199–201].
Two approaches are typically employed to fabricate electrodes
from 2D materials: in ﬁrst, the 2D material is placed on an insulating
substrate and contacted directly (left of Fig. 6d); in second, the 2D
material is placed on a conducting substrate, which itself acts as a
contact (right of Fig. 6d). Both macro- and micro-electrode geome-
tries can be used (Fig. 6e), the latter offering signiﬁcant advantages
in 2D materials’ electrochemistry. The vdW surface of 2D materials
perpendicular to the c-axis is referred to as the basal plane, the sur-
face parallel to the c-axis is called the edge plane (Fig. 6f). Unlike in
condensed matter physics measurements, where two  electrode ter-
minals are usually used, another, so called reference electrode (RE)
is used in electrochemistry for an exact assignment of the applied
potential on the SHE scale (Fig. 6d). Furthermore, in condensed
matter physics experiments, the voltage is usually applied with
respect to the gate electrode (equivalent of the counter electrode
(CE) in electrochemistry). This is why changes in voltage directly
correspond to changes in energy at the working electrode (WE),
e.g. a positive change in voltage at the gate electrode corresponds
to a positive change in energy at WE.  This is exactly opposite to
electrochemistry where potential (voltage) is applied directly to
WE.
3.2. Semiconductor electrochemistry
Since the focus of this review is on semiconducting 2D materi-
als, basic concepts of semiconductor electrochemistry will now be
reviewed [202,203]. Electrons are the only effective charge carriers
in metals but both electrons and holes contribute to conductivity
in semiconductors. The Fermi level lies exactly in the middle of
a band gap (Eg) in ideal intrinsic semiconductors leading to simi-
lar electron and hole concentrations (Fig. 7a). On the other hand,
extrinsic semiconductors have majority and minority carriers, and
the EF is shifted accordingly due to the altered distribution of the
electrons and holes. In n-type semiconductors, electrons are the
majority carriers and the EF lies just under the CBM (Fig. 7b) due
to the presence of donor states, while in p-type semiconductors,
holes are the majority carriers and the EF lies just above the VBM
(Fig. 7c) due to the presence of acceptor states. Another difference
between metals and semiconductors is the voltage drop across
the solid/liquid interface. In metals, this drop is very sharp and
is conﬁned within a few Å of the Helmholtz electric double-layer
at the interface. In semiconductors, the space charge (SC) region
with an in-built electric ﬁeld (ESC) arises near the interface. This
is due to the depletion of charge carriers in the semiconductor
after equilibrium has been established through a charge transfer
between the solid and liquid phase (Fig. 7d and e). This in turn
leads to band bending (Fig. 7e), which has an opposite direction
for n- and p-doped semiconductors. Only the donor (n-type) or
acceptor (p-type) impurities contribute to the depletion, and the
SC region can extend to 10–1000 nm inside the semiconductor.
2D semiconductors are very unique in this aspect because their
thickness is several orders or magnitude smaller than the SC region
width in conventional bulk semiconductors, which could provide
new insights into these interfacial phenomena. The semiconductor-
liquid interface is analogous to the rectifying Schottky barrier at
metal-semiconductor solid interface, further discussed below.
We now proceed to outline the current-potential electrochem-
ical behaviour of an n-type semiconductor. Under the so-called
forward bias, the majority carriers are accumulated in the SC region
(Fig. 7f), band bending is reversed, and a reductive cathodic current
ﬂows. This current is potential-dependent because it corresponds
to the ﬂow of electrons from the potential-dependent EF in the
semiconductor CB to the vacant states of the redox species in the
liquid. The cathodic current is therefore same in dark as under illu-
mination (Fig. 7h) and it is governed entirely by majority carriers, in
this case electrons. On the other hand, under the so-called reverse
bias, the majority carriers are depleted in the SC region (Fig. 7g),
band bending is enhanced, and an anodic current ﬂows. This current
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Fig. 7. Basic concepts in semiconductor electrochemistry. a−c, Schematic band diagrams of an intrinsic, n-type, and p-type semiconductor, respectively. d, Differing energy
levels  in an n-type semiconductor (EF) and a liquid containing a redox mediator (E0redox) before their contact. e, After contact, an equilibrium energy level (Eequil) is established
across  both the phases (E0
redox
energy < Eequil < EF) by the transfer of electrons from the donor states of the semiconductor to the unoccupied states of the redox mediator.
Related  majority charge carrier (electron) depletion results in a SC region of electric ﬁeld gradient with the corresponding energy difference ESC and corresponding band
structure bending near the semiconductor/liquid interface. f, n-type semiconductor under a forward bias voltage (Ebias), where EF is raised sufﬁciently to overcome the
band  bending and majority carrier accumulation occurs. g, n-type semiconductor under a reverse bias, where EF is pushed lower, accentuating the majority carrier depletion
and  the extent of band bending. h, Characteristic current-voltage curve of an n-type semiconductor in dark and under illumination, with the potential-dependent cathodic
and  illumination-dependent anodic response.
reaches a potential-independent plateau because it corresponds
to the ﬂow of electrons from the “ﬁxed” occupied states of the
redox species to the CB of the semiconductor. The anodic photocur-
rent depends strongly on illumination (Fig. 7h) and is governed by
minority carriers, in this case holes, and their diffusion from within
a certain distance in the SC region, beyond which they recom-
bine [204]. The anodic current is also proportional to the excitation
energy and photon ﬂux [146,204], as shown in Figs. 8b and 10a
, respectively. Same trends of opposite directions involving VB
instead of CB apply to a p-type semiconductor. Surface states can
mediate the charge transfer or lead to EF pinning, thus altering the
idealised processes described above [8,65]. Because the position
of the band edge at the interface is independent of the applied
voltage (Fig. 7e–g), the direction and extent of the band bending
can be tuned externally by applied potential. The above discussion
describes direct injection of charge carriers from and to a semi-
conductor but other mechanisms such as photo-sensitised charge
injection and photo-induced charge transfer are also important in
photoelectrochemistry and photovoltaics [205,206]. Finally, note
that so called ﬂatband potential, corresponding to the EF at which
there is no band bending, can be measured from the Mott–Schottky
relationship between the capacitance and potential [203,207,208].
The collection rate of photogenerated charge carriers depends
on multitude of factors: carrier diffusion (itself a function of mobil-
ity, temperature, and life-time), carrier recombination (direct or
via surface states or charge impurities), depletion layer thickness,
light penetration depth, electron transfer, and redox mediator con-
centration. The carrier recombination, which reduces their lifetime
is particularly important in 2D materials because of the quantum
conﬁnement and the Coulombic screening effects discussed in the
previous chapters. The light penetration depths range signiﬁcantly
depending on the material, wavelength and nature of the electronic
transition. Anodic (or cathodic) photocorrosion of a semiconduc-
tor can occur when the E0redox of the semiconductor decomposition
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Fig. 8. Photoelectrochemistry of layered TMDCs. a, Graphs showing the correlation between the anodic photocurrent (solid curves) and absorption spectra (dotted curves)
in  n-MoS2 (top) and n-MoSe2 (bottom) using K2SO4 electrolyte at pH 1. b, Dependence of the n-MoS2 anodic photocurrent on the excitation wavelength using KI redox
meditator in KCl electrolyte at pH 1. c, Tuning of the effective HET rate (k0) of [Ru(NH3)6]3+/2+ reduction/oxidation on n-MoS2 by illumination. d, Schematic diagram relating
the  band structure of MoS2 with several redox reactions. Figures adapted with permission from: a, [217] © 1969 The Royal Society of Chemistry. c, [87] published by the
PCCP  Owner Societies under CC-BY licence. d, [3] © 1977 Elsevier. b, schematically re-drawn based on Fig. 1a in [204].
reaction is higher (or lower) on the energy scale than the VBM
(or CBM) [209]. This is more pronounced when the band bending
is large and the oxidising holes (or reducing electrons) remain at
semiconductor’s surface. In the case of a small band bending, the
charge carriers recombine and do not contribute to anodic oxida-
tion (or cathodic reduction) of the semiconductor. Photocorrosion
of a semiconductor also depends on the reaction kinetics of all the
processes involved, stability of the corrosion products, and pres-
ence of the mid-gap surface states [210].
It should now be clear that relative positions of the VBM, CBM,
and E0redox determine whether the charge transfer to/from the semi-
conductor is feasible. However, it is worth pointing out that an
efﬁcient electron transfer only occurs when the energy of the
semiconductor and redox states are approximately of the same
energy, and although a higher overpotential should provide higher
reducing/oxidising power, it will in fact result in slower electron
transfer due to the so-called inverted region effect described for
intra-molecular electron transfer [211,212]. A large proportion of
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semiconductor electrochemistry is carried out in aqueous solutions
[213–215] but organic solvents are also used for their advantages
such as larger potential window, lower adsorption of impurities,
lower rate of dissolution of inorganic electrodes, and larger selec-
tion of available redox mediators [101,207,216].
3.3. Electrochemistry of bulk layered materials
Bulk layered TMDCs have been at the forefront of electrochem-
istry research in the second half of 20th century, several decades
before the graphene revolution [199,201,210]. The VBM and CBM
energies vary signiﬁcantly among TMDCs, but most of them have
VBM low enough to oxidise water, either by lowering EF or pho-
togeneration of holes in the VB, and CBM lower than E0redox for
hydrogen evolution, making direct water reduction unlikely [205].
Only loose correlation has been found between the A and B exci-
tons in the visible absorption spectra and the observed anodic
photocurrent in TMDCs (Fig. 8a) due to a number of contributing
intermediate processes [3,217]. However, the photoanodic current
in n-doped MoS2, MoSe2, and WSe2 shows the typical minority
charge carrier-driven plateau with a largely energy-independent
potential, whose height increases with the energy of the excitation
laser (Fig. 8b) [204].
Group 6 TMDCs exhibit a remarkable stability against photocor-
rosion [217,218]. This is attributed to the non-bonding character of
the optical transitions in the visible and near-IR range originating
from the M d orbitals (Fig. 8d) [3,66]. Transitions are possible from
the pz orbitals of the chalcogenide deeper in the VB but they lie
in the UV range [219]. This stability is further enhanced in iodide
solutions, which act as scavengers for the photogenerated holes
that would otherwise cause oxidation of the metal and formation
of sulphate or selenate [200,218–220]. Passivation of MoS2 surface
by photoanodically-generated elemental sulphur was  also pro-
posed [3]. Contrasting the iodide-induced stability, n-type MoSe2
undergoes photoanodic decomposition in the aqueous chloride and
bromide solutions but is stable their organic solutions, which high-
lights the important role of a solvent [219,221]. In group 4 TMDCs
and conventional bulk semiconductors such as CdS, ZnO, or GaAs,
the anodic hole formation can lead to photocorrosion by destruc-
tion of the p orbital mediated bonds [210,217,219].
Electron transfer on TMDCs using different redox mediators has
been studied by several groups. Tributsch and Bennett measured
Fe3+/2+, Br−/Br2, and p-quinone HET, and water photoelectroly-
sis on MoS2 [3]. Abrun˜a et al. measured HET of [Ru(NH3)6]3+/2+,
[Fe(CN)6]3−/4−, Fe3+/2+, I3−/I−, methyl viologen, and others redox
systems on WSe2 [214] and MoTe2 [208]. Dark current measure-
ment on n- and p-doped WSe2 revealed that while [Ru(NH3)6]2+
oxidation has a unity transfer coefﬁcient ˛, expected for a majority
carrier driven irreversible reaction on a semiconductor in deple-
tion, most of the other redox mediators show more reversible  ˛ of
0.1–0.4 [222]. A more recent study on natural MoS2 crystals demon-
strated tuning of the effective HET rate of [Ru(NH3)6]3+/2+ over 3
orders of magnitude by white light illumination (Fig. 8c) [87]. This
HET-illumination dependence was even stronger for [Fe(CN)6]3−/4−
and [IrCl6]2−/3− mediators with more positive redox potential,
falling into the photoanodic regime of n-MoS2.
The triodide/iodide (I3−/I−) redox reaction relevant to photo-
electrochemical solar cells (PEC) has been studied intensely for
group 6 TMDCs with the typical light-to-current conversion efﬁ-
ciencies of 5–10% [126,208,218,220]. Due to the small band gap
size of bulk MoS2, MoSe2, and WSe2 (1.0–1.2 eV), the maximum
observed photovoltage was ∼0.7 V [126,215], with ∼0.5 V energy
equivalent lost in the charge separation of the photogenerated
charge carriers and electrochemical overpotential [204]. One of
the most successful PEC implementation of these materials was
demonstrated by Fan et al. for aqueous I3–/I– redox reaction on
n-WSe2, showing impressive conversion efﬁciency of 14% and an
open circuit photovoltage of 0.7 V using continuous light source
with wavelengths >590 nm [215]. Furthermore, the effective quan-
tum efﬁciency approaching 100% for water photoelectrolysis was
suggested [3] and an effective “uphill” photooxidation (occuring at
much smaller overpotentials than on a reversible electrode such as
Pt) was found for chloride on n-MoS2 and hexamethylbenzene on
n-MoSe2 in acetonitrile [216,221].
3.4. Electrochemistry of mono- and few-layer 2D materials
Fundamental understanding of 2D materials’ electrochemistry
has been lagging behind the rapid progress made in condensed mat-
ter physics and materials science, which is somewhat surprising
given the extensive electrochemistry research activity on bulk lay-
ered TMDCs in the 1970–1980s. Therefore, huge gaps remain in
the key aspects of 2D materials’ electrochemistry, perhaps ampli-
ﬁed by the variety of preparation methods and the lack of studies
on well-deﬁned surfaces. The advanced nanofabrication process-
ing adopted by the physics and nanoscience communities, which
stems from the highly evolved semiconductor industry, relies on
the use of clean rooms, and ensures high standard of the fabricated
devices, is not widespread within the physical chemistry commu-
nity. Furthermore, many of the physical phenomena, which could
be exploited in electrochemistry, are often observed only in the
high-quality 2D materials prepared by ME  or CVD. In contrast, most
electrochemical studies use lesser quality 2D materials prepared by
LPE or intercalation.
Naturally, there are fundamental size limitations to electro-
chemistry due to ﬁnite diffusion of molecules in solution, however,
the recent signiﬁcant advances in microscale electrochemistry
including the scanning electrochemical microscopy (SECM), scan-
ning electrochemical cell microscopy (SECCM) or microdroplet
method demonstrated the feasibility of micro- and nano-scale mea-
surements on graphene and other 2D materials [89,223–225]. Most
groups focus on the HET using common redox mediators or spe-
ciﬁc catalytic reaction but there is a distinct lack of measurements
of fundamental interfacial capacitance [146,226,227]. Also surpris-
ing is the fact that very few of the recent reports use illumination
control when studying the electrochemistry of semiconducting
2D materials [87,146], given breadth of the photoelectrochemical
studies on layered materials in 1980s [201,214,217].
It is important to realise that the application of 2D materials
in electrochemistry, electronics, or photovoltaics, relies on good
ohmic contacts. A useful strategy using a one-dimensional con-
tact between the edge of a 2D material and a metal contact has
demonstrated low contact resistance (∼100  m for graphene
and ∼10 k m for 2D semiconductors) due to the large orbital
overlap [137,228]. In the case of semiconducting 2D materials, a
non-ohmic, rectifying Schottky barrier is established between the
2D materials and the metals contact. Similarly to the semiconduc-
tor/liquid interface, this occurs due to the band bending, which
arises from the differing EF in the metal and in the semiconduc-
tor. The Schottky barrier is deﬁned as ˚B = ˚M − , where ˚M is
the work function of the metal and  is the electron afﬁnity of the
semiconductor. It has been shown that MoS2 contacts with low ˚M
metals (Sc, Ti, or Al) lead to much higher charge carrier injection
and effective mobilities due to the reduced ˚B and the EF pinning
close to the CB (Fig. 9), than contacts with high ˚M (Au, Ni, or Pt)
[53,187], but low ˚B, independent of ˚M were also observed [185].
Near-ohmic contacts between MoS2 and Ti were also achieved by
vacuum annealing [229].
We now proceed to outline the state-of-the-art understand-
ing of how various phenomena affect the electrochemistry of 2D
materials.
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Fig. 9. The importance of metal contacts in semiconducting 2D materials. a, Com-
parison of the MoS2 electron afﬁnity with the work functions of several metals used
as contacts for electronic transport measurements. b, Expected electronic transport
characteristics based on a. c, Current–voltage transport measurements of a 6 nm-
thick MoS2 indicating formation of Schottky barriers of various height across the
metal–MoS2 interface. Figure adapted with permission from [53] © 2013 American
Chemical Society.
3.5. Dependence on the number of layers
Several factors inﬂuence the dependence of the photocurrent
on the thickness of a 2D material and their effective interplay
determines the dominating or limiting electrochemical mech-
anism. These factors include: charge carrier density, in-plane
carrier mobility, interlayer charge transfer or mobility, and, in the
case of semiconductors, thickness-dependent light absorption and
band structure-dependent photogeneration of charge carriers. The
dependence of HET and capacitance on the number of graphene lay-
ers was studied extensively for several years but large discrepancies
and contradicting results from different groups mean that no sat-
isfactory consensus on this matter currently exists [89,230–234].
Velicky´ et al. have recently observed a monotonous increase of the
photocurrent and capacitance with the increasing number of layers
in a photoelectrochemical experiment using ME  crystals of natural
molybdenite deposited on a poly(methyl methacrylate) (PMMA)
substrate and a localised microdroplet measurement [146]. The
authors also showed that the effective k0 depends linearly on the
illumination intensity for bulk MoS2, but has non-linear depen-
dence for monolayer MoS2, which was rationalised by a linear
interlayer diffusion of charge carriers in bulk in comparison to
a non-linear intralayer diffusion of charge carriers in monolayer
(Fig. 10). These ﬁndings prove an effective interlayer charge trans-
fer, which was also observed in bulk TMDCs using rear illumination
geometry [204]. The general increase in mobility of TMDCs with
the increasing number of layers discussed above (Table 2) also
supports these observations. In contrast, recent AFM-spectroscopy
measurements of MoS2 on ITO substrate showed that the photocur-
rent decreases with increasing thickness up to 4 layers and then
increases again in bulk MoS2, which was explained by two compet-
Fig. 10. Dependence of the electron transfer on the number of layers in MoS2. a,
The  effective HET rate (k0) as a function of the illumination intensity (irradiance) for
monolayer and bulk natural MoS2. Inset shows the microdroplet electrochemical cell
used  for the measurement. b, Schematic comparing the light absorption efﬁciency
for  bulk (top) and monolayer (bottom) MoS2. c, Schematic showing the correspond-
ing linear interlayer (top) and radial intralayer (bottom) diffusion of charge carriers
in  bulk and monolayer MoS2, respectively. Figure adapted from [146] published by
the American Chemical Society under CC-BY licence.
ing mechanisms: the direct-to-indirect band gap transition from
monolayer to bulk MoS2 versus the increased light absorption in
thicker samples [235].
3.6. Role of defects and crystal quality
The role of defects, steps, and edge plane in electrochemistry
of layered materials has been long recognised. Signiﬁcant body
of knowledge has been accumulated for graphite and graphene
and the general consensus assumes an increased electrochemi-
cal activity of the edge plane in comparison to the basal plane
[223,236,237], although the exact nature of these differences is
still being challenged [87,238]. One of the best recent attempts
to quantify the correlation between the HET and defect density in
graphene was  achieved by controlled Ar+ irradiation and charac-
terisation by SECM and Raman spectroscopy (Fig. 11a) [239]. It is
also accepted that the pristine basal plane of MoS2 exhibits slower
electron transfer than the edge plane or defects as demonstrated for
several redox systems, including [Cu(NH3)x]2+/1+, [Fe(CN)6]3−/4−,
Fe3+/2+, I3−/I− and oxygen reduction reaction [199,201,217]. The
[Fe(CN)6]3− reduction was found to proceed much faster than
the reverse oxidation due to the alignment of the redox poten-
tial and electronic band structure. A study by Velicky´  et al. using
[Fe(CN)6]3−/4−, [Ru(NH3)6]3+/2+, and [IrCl6]2−/3− redox meditators
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Fig. 11. Role of defects in electrochemistry of 2D materials. a, Quantitative correlation between the HET rate (k0) and defect density in monolayer graphene induced by Ar+
ion irradiation. The inset shows the SECM and Raman (defect-induced D mode intensity) activity for different irradiation doses. b, Comparison of k0 for pristine and defective
basal  plane of MoS2. c, Comparison of the XPS spectra for the edge and basal plane of MoS2. d, Schematic of the orientation of the VBM and CBM d orbitals in 2H-TMDCs (3dxy
and 3dz2 orbitals shown). e, Projection of S 3pz orbital and Mo  4d orbitals contributions to the electronic states in monolayer MoS2. Figures adapted with permission from: a,
[239] © 2014 American Chemical Society. b, [87] published by the PCCP Owner Societies under CC-BY licence. c, [173] © 2015 John Wiley and Sons. e, [241] © 2014 American
Physical Society.
under illumination control has shown that a small amount of
defects on the basal plane of MoS2 increases the HET up to 6-fold
depending on a redox mediator (Fig. 11b), an effect, which was
not observed for natural graphite [87]. Furthermore, the HET of
[Fe(CN)6]3−/4− was shown to be more sensitive to the edge/basal
plane ratio than [Ru(NH3)6]3+/2+. This was conﬁrmed in parallel
work by Tan et al. who further revealed that proton reduction
and electrochemical corrosion are more pronounced on the edge
plane of natural MoS2, due to the edge plane being more oxidised
(Fig. 11c) and having higher density of electronic states (DOS) at
EF than the basal plane [173]. Electronic transport measurements,
both in-plane and tunnelling, are also known to be very sensitive
to defects and disorder, much more than other methods such as
Raman, optical microscopy, or AFM [14,98]
Differing steric accessibility of the d orbitals of the transition
metal was argued as the reason for the increased edge plane activity
of MoS2 [199]. We  now expand this somewhat simplistic view fur-
ther. Fig. 11d shows that the dxy (and the not shown dx2−y2 ) orbitals
of the metal are aligned along the layers and are fully obstructed by
the chalcogenide atoms in the c-axis direction. These orbitals are
therefore less likely to take part in electrochemical reactions except
when present at the edges, where they are not obstructed due to
the metal termination and chalcogenide vacancies common at the
edge plane. It is therefore thought that the out-of-plane charge
transfer occurs purely by electron tunnelling via the dz2 metal
orbital, which, despite also being obstructed by the chalcogenides
atoms, extends signiﬁcantly in the c-axis direction [219,240]. This
anisotropy should have further implications for cathodic vs. anodic
reactions due to the fact that dz2 has been assumed to be a purely VB
orbital and the dxy/dx2−y2 purely CB orbitals (Fig. 8d) [199,219]. If
that were the case, the cathodic reactions involving the dxy/dx2−y2
orbitals should show much higher sensitivity to the basal/edge
plane ratio than anodic reactions involving dz2 orbitals, a hypothe-
sis, which has not yet been conclusively supported or disproved. In
fact, detailed theoretical calculations show that all of the dz2 , dxy,
and dx2−y2 orbitals of the metal contribute signiﬁcantly to both the
VBM and CBM (unlike dxz and dyz), depending on the charge carrier
momentum in the Brillouin zone, as shown in Fig. 11e [240,241].
Further complexities arise from the intrinsic doping of TMDCs,
Fermi level pinning by surface states, and inner vs. outer sphere
nature of redox mediators.
Several non-electrochemical observations also support the
increased edge reactivity. Preferential oxidation of the edge plane of
MoS2 was  observed in wet air at 545–590 ◦C by SEM [180]. A metal-
lic state at the edge of monolayer MoS2 on graphite substrate with
signiﬁcant band bending of ∼0.6 eV within 5 nm from the interface
was directly observed by STM and STS (Fig. 12) [242]. The edge
of CVD monolayer WS2 exhibits almost two orders of magnitude
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Fig. 12. Direct imaging of the electronic band structure of monolayer MoS2. a, STS differential current–voltage curves scanned from the monolayer MoS2 crystal interior,
pass  the crystal edge, to the graphite substrate. b, Corresponding STM image of the device indicating the scan direction. c, Real space imaging of the electronic band structure
at  the MoS2/graphite interface using a current–voltage differential function. Figure adapted with permission from [242] © 2014 American Chemical Society.
higher PL in comparison to the crystal interior due to the accumu-
lation of excitons [118]. Introducing defects by argon or oxygen
plasma detectable by Raman spectroscopy decreased the contact
angle with water to as low as 9 ◦C for highly-ordered pyrolitic
graphite (HOPG) [243] and 55 ◦C for epitaxial graphene [244].
Despite the apparent higher edge plane activity, the basal plane
of bulk TMDCs was studied extensively. In fact, it was proposed
that defects, edge plane, and dangling bonds attract adsorbates,
which create surface states within the band gap acting as major
recombination centres for the photogenerated charge carriers and
enabling parasitic reactions pathways. This is inherently related
to the fast in-plane carrier mobility; the minority carriers ﬁnd it
easier to travel along the layers towards the edge surface than
to tunnel through the layers towards the basal surface (Fig. 13).
This in turn leads to a reduction in the photovoltage and conver-
sion efﬁciency on the edge plane, both of which have detrimental
impact on all of the photoelectrochemical applications of TMDCs
[65]. Comparison of the pristine and photocorroded basal plane of
MoS2 also showed that while the photocurrent plateau is defect-
insensitive, the overpotential increases markedly at high defect
density [204]. Furthermore, surface states introduced within the
band gap by defects were found to increase the carrier photogen-
eration for lower-than-band gap photons but also severely reduced
the conversion efﬁciency [245]. A temporary improvement was
achieved by pushing the surface state energies outside the band gap
through adsorption and partial intercalation of organic molecules
at the edges [88]. The edge plane and defects in TMDCs were
also found to suffer from signiﬁcant photocorrosion [210], and a
comparative study by Chen et al. conﬁrmed that the reduced pho-
toelectrochemical efﬁciency at MoS2 defects due to recombination
are accompanied by an increased HER activity [246].
Major issue with the fundamental electrochemical studies of
2D materials is the vast variation of different preparation meth-
ods. Only ME  crystals characterised by microscale electrochemical
methods are suitable for fundamental studies. CVD-grown crystals
are often though of as second best in terms of quality, provided
that polycrystallinity and grain boundaries can be controlled. For
example, the charge carrier mobility in HOPG, often deemed a very
suitable material for fundamental studies is almost one magni-
tude lower than that of natural graphite [247]. Despite their high
quality, ME  and CVD crystals also contain impurity elements or
defects. For example, MoS2 is known to harbour a large number
of sulphur vacancies [176], which are thought to lead to its n-
doped character [151], and to mediate hopping transport under
low charge carrier density conditions [34]. However, both n- and p-
type doping related to compositional changes have been observed
on the surface of the same MoS2 crystal [185] and p-doping due
to Na and O impurities on SiO2 substrates was  suggested by DFT
[248]. Substrate cleanliness is crucial for preparation using ME  and
CVD, typically achieved by O2 plasma cleaning, which removes the
adsorbates, alters termination of the surface Si atoms, and there-
fore increases the adhesion between the 2D material and substrate
[51,92,249]. LPE and other solution-based method remain very
popular due to the ease of preparation and scalability, especially
for sensing applications or catalysis. However, an accurate control
of the 2D nanosheet size and thickness is challenging and the result-
ing electrode is always a mixture of many different surfaces types.
The use of these poorly-deﬁned materials often leads to artiﬁcially
inﬂated capacitance values, due to the large mismatch between the
active and geometric surface area [186]. Furthermore, the LPE ﬂakes
are usually place on a conductive substrate (Fig. 6d) such as glassy
carbon or metal, which is itself electrochemically active and can
interfere with the electrochemical signal [112].
3.7. Role of surface ageing
The role of surface ageing of layered and 2D materials has
been somewhat neglected in literature until recent years. Electro-
chemistry is particularly sensitive to any such changes because the
majority of electrochemical processes occur on the surface, which
is exactly what 2D crystals are: surface-only materials. Their sur-
face is readily contaminated by organic molecules, water, and other
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Fig. 13. Carrier diffusion in layered crystals. a, Crystals with high edge presence: fast
intralayer carrier transport results in a direct path between their photogeneration
and  recombination and therefore faster carrier diffusion. b, Crystals with pristine
basal plane surface only: slow interlayer transport of carriers results in a less direct
path between their photogeneration and recombination and therefore slower carrier
diffusion. Figure adapted with permission from [65] © 1980 American Chemical
Society.
adsorbates, which is manifested in deterioration of their electro-
chemical and electronic properties and in the change of the contact
angle between the 2D surface and water [87,119,189,250]. Some
of these adsorbates can act as charge trappers, affecting the elec-
tronic transport in 2D materials [139,145,251]. The effect of ageing
on graphite in the context of electrochemistry was  ﬁrst noted in
1990s [252], but it was not until two decades later that it was  deter-
mined as the limiting factor for HET of [Fe(CN)6]3−/4− [250]. A recent
study extended this observation to natural graphite and molybden-
ite, by comparison of an aged surface and freshly cleaved surface,
prepared by in situ exfoliation of the layered material [87]. The HET
on graphite decreased by up to two orders magnitude on the aged
surface in comparison to the freshly cleaved surface (Fig. 14a) and
up to one order of magnitude for MoS2 (Fig. 14b), also dependent on
the redox mediator. HET on MoS2 has also been shown to deterio-
rate upon consecutive voltammetric cycling using [Ru(NH3)6]3+/2+,
which was surprising given the previously presumed outer-sphere
nature of this mediator (Fig. 14c). The ageing was attributed to the
adsorption of airborne hydrocarbons and, in the case of MoS2, also
to the surface oxidation evidenced by XPS (Fig. 14d). Another study
proposed ageing by impurities from ultrapure water with high
(∼20 ppb) carbon content [253], and offered a surface-protection
strategy based on low-temperature water treatment [254].
Surface ageing is manifested by signiﬁcant changes in wet-
ting by liquids. 2D and layered materials’ surfaces have been
long thought to be hydrophobic but observations of the sur-
face/water contact angles have shown that this is not the case. The
native angle of the freshly exfoliated/prepared surface of 44◦–69◦
increases upon exposure to air and saturates at 80◦–100◦ on the
aged surface [188,189,244,255]. These changes reﬂect the initially
hydrophilic surface becoming more hydrophobic upon contami-
nation by airborne organic molecules. Time scales of the surface
ageing vary, but most signiﬁcant changes for monolayer/bulk
graphene, MoS2, and WS2 occur within 20–60 min  and the con-
tact angle reaches almost complete saturation within 1 day after
exfoliation/preparation (Fig. 14e). XPS, FTIR, STEM, and ellip-
sometry measurements conﬁrm the hydrocarbon nature of the
adsorbed species (Fig. 14d), indicate that their thickness is around
0.5–2.0 nm, and show that the ageing can be slowed down by cov-
ering the surface with chloroform and that the contamination can
be partially removed by annealing at low pressure and inert atmo-
sphere [87,188,189,243]. Polymer residues such as PMMA,  leftover
on the surface of 2D materials after transfer procedures, are also
notoriously hard to remove, even by well-established methods such
as inert-atmosphere annealing or solvent cleaning [256–258], and
their exact role in electrochemistry, i.e. a mere reduction of acces-
sible surface area versus qualitative changes in the surface DOS,
remains uncertain [259].
Graphite and MoS2 are thermodynamically very stable but they
do partially oxidise in air, especially in high temperature and
humidity environment [29,196]. Colourimetry and XPS revealed
that oxidation of MoS2 is only limited to the outermost layer, pro-
tecting the interior for up to several days at 110 ◦C and for almost
two years at room temperature [183,260]. Gravimetric and titra-
tion experiments determined that surface sulphates and oxides
promote physisorption and chemisorption of water molecules,
respectively [261]. Many other 2D materials are known to oxidise
strongly in air, which is symptomatic of their low natural abun-
dance.
4. Modiﬁcation of 2D materials
4.1. Substrate effects
The effects of an underlying substrate on the properties of 2D
materials are complex and not fully understood. Scanning probe
microscopy and PL spectroscopy reveal that the surface roughness,
termination, variations in physical separation, and trapped charges
all have an effect on the doping, electronic coupling, and charge
transfer between a 2D material and its substrate. It was  shown that
the charge carriers photogenerated in Si and diffusing into SiO2
effectively dope graphene [149]. The enhanced mechanical cou-
pling between MoS2 and SiO2 substrate in dielectric-encapsulated
samples leads to more consistent n-type doping of MoS2 originat-
ing from an increased negative trion concentration [150]. The PL
in monolayer MoS2 suspended over a hole was found to be more
than 4 orders of magnitude stronger than on an SiO2 substrate
[63], but little changes were observed in the Raman spectra of sus-
pended/bound mono- and few-layer MoS2 and MoTe2 [143,156].
Buscema et al. found that monolayer MoS2 has the lowest PL inten-
sity on an SiO2 substrate in comparison to graphene, mica, hBN,
and gold [172]. Finally, DFT calculations suggest that the orienta-
tion of MoS2 on an SiO2 substrate has only marginal effect on the
electronic structure [248].
The use dielectric gate such as HfO2 was  shown to increase the
room temperature charge carrier mobility in monolayer MoS2 from
0.1–10 to 200 cm2 V−1 s–−1 [33]. Bao et al. have discovered that
while the mobility of multilayer MoS2 on an SiO2 substrate was
moderate (30–60 cm2 V−1 s−1) and relatively independent of MoS2
thickness, PMMA  substrate led to thickness-dependent mobil-
ity with a maximum of ∼480 cm2 V−1 s−1 in bulk MoS2 [262].
Enhanced dielectric screening in multilayer MoS2 on PMMA  was
proposed as the dominating mechanism for these surprising long-
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Fig. 14. Surface ageing of layered and 2D materials. a−b, Comparison of the HET rate (k0) between the freshly cleaved (exfoliated) and pristine basal plane surface of
graphite  and MoS2, respectively. c, Deterioration of the HET on MoS2 with consecutive voltammetric cycling, expressed by the increase in the peak-to-peak separation of
[Ru(NH3)6]3+/2+ reduction/oxidation. d, Comparison of the XPS spectra between the aged and freshly cleaved surface of MoS2. e, Surface ageing of monolayer WS2 manifested
by  the increase in the 2D surface/water contact angle (and therefore hydrophobicity). Figures adapted with permission from: a−d, [87] published by the PCCP Owner Societies
under CC-BY licence, e, [119] © 2015 American Chemical Society.
range effects (up to 50 nm thick MoS2) in contrast to the short-range
disorder such as chemical bonding or interface roughness domi-
nating the mobility in MoS2 on SiO2. These ﬁnding were conﬁrmed
by a two orders of magnitude increase in the carrier mobility of
thin InSe on a PMMA  substrate in comparison to an SiO2 substrate
[263]. In contrast, Withers et al. studied WS2 on different dielec-
tric substrates and proposed that the electronic transport is limited
by the intrinsic disorder rather than extrinsic factors [52]. Insulat-
ing hBN has been used widely as a substrate and encapsulating
layer for other 2D materials. This approach both prevents degra-
dation of thin layers and increases carrier mobility in graphene
to >100,000 cm2 V−1 s−1 at room temperature [14,137,264]. The
important role of solvents used in contact with 2D materials was
revealed through changes in the PL peak energy between 1.78 and
1.90 eV and enhanced PL intensity when halogenated solvents were
used with monolayer MoS2 [167]. Most relevant to electrochem-
istry, Hui et al. have recently shown that an underlying Au substrate
alters the effective DOS in bilayer graphene, manifested by ∼5-fold
increase in the HET kinetics of [Fe(CN)6]3−/4− reduction/oxidation
measured by SECM [265]. Such a demonstration of the substrate
effect holds promise for a new-generation of tuneable electrochem-
ical devices based on “electronically-transparent” 2D materials.
4.2. Hydrogen evolution reaction and phase engineering
2D materials were soon considered as potential candidates for
the energy storage and conversion applications, such as batteries,
fuel cells, and supercapacitors [17]. The use of hydrogen as energy
carrier is one of the most promising long-term solution for renew-
able energy, due to its low environmental impact and high energy
density [266]. Finding novel catalyst materials for the hydrogen
evolution reaction (HER) is therefore one of the major frontiers of
the 2D materials research [28].
The HER process consists of two  steps in acidic media: adsorp-
tion of protons at the catalytic sites of the electrode, and reduction
of protons by to monoatomic hydrogen (H) and subsequently
hydrogen molecule (H2). Brieﬂy, it can be divided into three
operative reaction mechanisms [267]: ﬁrst, the initial adsorp-
tion discharge step (Volmer reaction, where the Tafel slope,
b ≈ 120 mV  dec−1), which can be followed by either an electro-
chemical desorption step (Heyrovsky reaction, b ≈ 40 mV  dec−1) or
a recombination step (Tafel reaction, b ≈ 30 mV  dec−1). The Tafel
slopes and exchange current densities obtained from the hydro-
gen evolution voltammetric curves therefore determine the HER
performance of a material. The best HER catalyst to date is plat-
inum with the exchange current density of ∼4.5 × 10−4 A cm−2, and
b as low as 30 mV  dec−1 [267]. Because of their low cost, chemical
stability, and electrocatalytic properties, TMDCs have been of an
increasing interest as possible substitutes for the expensive Pt in
HER catalysis, both in their pristine and modiﬁed forms. The typical
b values of unmodiﬁed natural, LPE, CVD or solvothermally-grown
TMDCs are between 90 and 170 mV  dec−1 [268–272]. Signiﬁcantly
increased HER activity reaching b of 40–80 mV dec−1 is observed
for the edge plane of natural crystals, vertically-aligned synthetic
crystals, and thin crystals exfoliated by organolithium intercalation
method [173,268,272–275]. For example, b of 60 and 77 mV  dec−1
has been found in the case of vertically-aligned MoSe2 and WSe2
nanoﬁlms, respectively, grown on carbon ﬁbres (Fig. 15a–f) [276].
M.  Velicky´, P.S. Toth / Applied Materials Today 8 (2017) 68–103 87
Fig. 15. HER and phase engineering in TMDCs. a, Schematic of vertically-aligned edge-terminated TMDC ﬁlm on a curved surface. b, TEM image of such MoSe2 ﬁlm on a Si
nanowire of ∼100 nm in diameter. c−d, HER polarisation curves for vertically-aligned MoSe2 and WSe2 ﬁlms on ﬂat glassy carbon and curved carbon ﬁbre paper substrates. e,
Corresponding Tafel analysis. f, Polarisation cycling stability of the ﬁlms. g, Schematics and SEM/TEM images of the 2H−1T phase engineering of MoS2 by lithium intercalation.
h,  Polarisation curves showing the superior HER catalytic activity of the metallic 1T phase of MoS2 in comparison to the semiconducting 2H phase. Figures adapted with
permission from: a−f, [276] © 2013 American Chemical Society, g−h, [268] © 2013 American Chemical Society.
Photoelectrochemically driven HER was also reported for LPE WSe2
nanosheets [277].
Crucially, the lithium intercalation method transforms the sta-
ble semiconducting 2H phase of group 6 TMDCs into the metallic
1T phase, which has signiﬁcantly higher HER activity. This has been
demonstrated by Lukowski et al. for MoS2, with more than a two-
fold difference in b between the 1T and 2H phase, as shown in
Fig. 15g–h [268]. The same approach was used recently to prepare
1T-WS2 with excellent HER Tafel slopes of ∼60 mV  dec−1, com-
parable with MoS2 [278]. FETs with locally engineered 1T phase
MoS2 regions have revealed contact resistance over one order of
magnitude smaller than for the 2H phase [41] and the associ-
ated differences in the 1T and 2H electronic structure were also
examined by the DFT calculations for a range of different TMDCs
[279,280]. The HER activity of several TMDCs was shown to increase
signiﬁcantly when butyllithium was used for their exfoliation, in
comparison to the lower enhancement achieved by methyllithium
[281]. Furthermore, a reductive and oxidative electrochemical pre-
treatment has been shown to affect the HER on MoS2 and was
proposed to be related to the 2H to 1T phase transition [282]. Other
technologically relevant electrochemical processes such as the oxy-
gen reduction reaction (ORR) and oxygen evolution reaction (OER)
were studied to a much smaller extent [283,284].
4.3. Intercalation into layered materials
Intercalation of various chemicals into layered crystals has
been studied extensively and is epitomised by the success of the
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graphite-based Li-ion battery and related energy technologies.
Intercalation is also a suitable answer to the search for a scal-
able production of 2D materials in a liquid phase, due to the direct
applicability of the resulting dispersions of 2D nanosheets of varied
lateral sizes and thicknesses in ink-based technologies [110,285].
Negatively charged graphene oxide (GO) nanosheets as a product
of acid (typical sulphuric) intercalation into graphite was studied
early on [286,287]. The epoxy, hydroxy, carbonyl, and carboxyl
groups at the GO surface lead to enhanced interactions between
individual nanosheets, a property resulting in a reinforcement of
its mechanical properties [288]. Therefore, GO and reduced GO
have been widely studied over the past decade, due to the their
potential use as ﬁllers in polymer-based composites [289,290].
Exfoliation of bulk TMDCs to negatively-charge 2D nanosheets by
intercalation is also widely reported in literature [5]. The most
commonly used intercalating agents are alkali metals, i.e. Li, K,
Na, and Rb [32,104,291], or tetraalkylammonium cations [10,292].
Intercalation with lithium compounds can yield large quantities of
2D materials, however, the as-produced nanosheets are defected
and functionalised, which requires further puriﬁcation steps in the
production [107,281]. Development of optical and spectroscopic
methods for in situ monitoring of lithium intercalation into layered
materials is also an area of active research [32,293]. For example,
a method of controlling the PL in LPE few-layer MoS2 nanosheets
by intercalation and de-intercalation of Li+, Na+, and K+ has been
developed [294]. Capacitance of bulk Mo/W/S/Se TMDCs increases
upon lithium intercalation-assisted exfoliation and it also depends
on the nature of the intercalating agent, with an anomalously high
capacitance obtained for WS2 and tert-butyllithium [103]. Lithium
intercalation was also successfully applied to exfoliation of less
common vanadium dichalcogenides [295]. These recent develop-
ments play an important role in novel optoelectronic technologies,
photodetection, and energy conversion/storage [296,297].
4.4. Functionalisation of 2D materials
Chemical or physical functionalisation of 2D materials is also
extensively researched area. The former is achieved by attaching
various chemical groups, either covalently or non-covalently, to
the 2D surface, whereas the latter refers to decoration of the 2D
surface with nanoparticles (NP) or construction of heterostruc-
tures by combining different 2D materials together [5,298–300].
The most common process to achieve chemical modiﬁcation of
graphene or graphite, which was also used to study the HET, is
the reductive functionalisation using aryl diazonium chemistry
[196,301,302]. The early work on the covalent functionalisation
of TMDCs focused on the reaction of organoiodine compounds or
diazonium salts with Li intercalation-exfoliated 1T-MoS2, 1T-WS2,
and 1T-MoSe2 [303,304]. Importantly, this functionalisation occurs
on the more reactive edge plane as well as on the less reactive
basal plane of TMDCs. The use of thiol linking groups is becom-
ing popular in covalent functionalisation of MoS2 [305]. Utilisation
of the lone pair electrons, common in most metal chalcogenides,
for the functionalisation using Lewis acid-based reaction has been
shown to have potential in photovoltaics and photodetection [306].
Spontaneous aryl diazonium functionalisation of thin layered black
phosphorus (Fig. 16a–c) has been shown to induce p-doping and to
improve FET mobility, on/off ratio, and material stability in ambient
environment [307]. Recent efforts have also been aimed at fabrica-
tion of heterojunctions and heterostructures of 2D materials and
organic molecules, such as perylene-diimide or phthalocyanine,
with diverse applicability [308,309].
Raman and PL spectra are both affected by functionalisation. A
strong enhancement of the Raman spectra of copper phthalocya-
nine placed on the surface of graphene was observed in comparison
to MoS2 and hBN [310]. PL of MoS2 can be enhanced by more than
Fig. 16. Functionalisation of 2D materials and their composites. a, Aryl diazonium
functionalisation of thin black phosphorus. Left: schematic of pristine black phos-
phorus structure on an SiO2/Si substrate, right: schematic of functionalised black
phosphorus. b−c, Corresponding AFM images of thin black phosphorus before and
after functionalisation, respectively, showing the increase in height due to the aryl
diazonium layer. d, Schematics of various composites of MoS2, graphene (GR),
and  metal NPs, prepared using ITIES, top: asymmetric vMoS2/GR/Pd NP compos-
ite, bottom-left: asymmetric eMoS2/GR/Pd NP composite, bottom-right: symmetric
Pd  NP/GR/Pd NP composite. Figures adapted with permission from: a−c, [307] ©
2014  Nature Publishing Group. d, [314] published by John Wiley and Sons under
CC-BY licence.
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two orders of magnitude by chemical treatment using an organic
acid bis(triﬂuoromethane) sulphonimide, leading to more than 95%
quantum yield and long (∼11 ns) exciton lifetime [311]. It was
proposed that this treatment passivates defects in MoS2 and there-
fore suppresses the defect-mediated non-radiative recombination
of the photogenerated electron-hole pairs. Similar approach was
adopted to repair the ubiquitous sulphur vacancies in MoS2 by
chemical treatment with thiosilanes [179]. Furthermore, an asym-
metric Janus functionalisation of both sides of a 2D material has
been conceived for development of thin devices with multiple
functionalities, showing that modiﬁcation of one side signiﬁcantly
affects behaviour of the other [312].
Another avenue to enhance the performance of TMDCs is
through heterostructures or composite materials. Combining
TMDCs with other materials of high available surface area and
high conductivity, such as graphene or carbon nanoﬁbres, is
used to produce composite materials with high HER activity
(b ∼ 38–77 mV  dec−1) [270,271,276] and good supercapacitive per-
formance [111]. Metal NPs were also employed in functionalisation
of 2D materials with focus on applications in fuel cells, superca-
pacitors, and catalysis [313–316]. In contrast to the “conventional”
solid/liquid electrochemical conﬁguration, an assembly of a 2D
material and/or NPs at polarisable liquid/liquid interface can also be
used for the HER. The interface between two immiscible electrolyte
solutions (ITIES) is a special class of a liquid/liquid interface, where
the presence of electrolytes, redox mediators, and the relative
hydrophilicity and hydrophobicity of the two liquid phases, provide
an accurate control over both electron and ion transfer [317]. ITIES
has initially been employed for the assembly and HER/capacitance
evaluation of MoS2 and WS2 nanosheets [318,319], and further
advances have been made by Toth et al. towards asymmetric func-
tionalisation of graphene with several metal NPs [315]. This work
has been recently extended to various composites based on LPE
MoS2 (eMoS2), vertically-aligned edge-terminated MoS2 (vMoS2),
graphene, and metal NPs as shown in Fig. 16d [314]. Electro-
chemical assessment of these various “sandwich-like” composites
revealed that the vMoS2/graphene/Pd NP composite exhibits the
highest HER activity and capacitance, in comparison to other con-
ﬁgurations.
MoS2 has been extensively studied for application in super-
capacitors using various media and electrolytes [97,111,186],
including vertically-aligned MoS2 nanosheets, which exhibited
high capacitance values sustained up to 100 Hz [175]. Recent work
by Bissett et al. compared performance of MoS2, MoSe2, WS2,
and 1T-TiS2 in a supercapacitor coin-cell using cyclic voltamme-
try and electrochemical impedance spectroscopy, pinpointing the
semimetallic 1T-TiS2 as the most promising material due to the
highest capacitance and low mass density [97]. Signiﬁcant advances
in inkjet printing using 2D materials and their heterostructures are
underway for fabrication of ﬂexible electronics, dielectric capaci-
tors, photosensor arrays, and logic memory devices [320–322].
5. Future perspectives
5.1. Exotic 2D materials
Here we will review less common 2D materials, which have been
studied either experimentally or theoretically and show poten-
tial in a range of applications including electrochemistry. Table 5
compares the charge carrier mobilities of some of these materi-
als. Group 4 TMDCs were of initial interest for PECs due to the
high abundance of group 4 metals but their photoanodic instability,
related to the mixed hybridisation of the d and p valence orbitals of
the metal and chalcogenide, deems them less attractive [217]. 1T-
HfS2 has a bulk indirect band gap of 2.0–2.1 eV [70,323], which is
Table 5
Band gaps and charge carrier mobilities of less common 2D materials.
2D material Band gap (eV) Mobility (cm2 V−1 s−1)
Bulk (>10 layers) 1−2 layers Bulk (>10 layers) 1–3 layers
1T’-PtS2 0.25 1.60 80 0.1
Phosphorene 0.31 1.45 >4000 1–1200
SnS 0.92 1.69 20 –
InSe 1.26 1.87 ∼2000 ∼1000
1T-HfS2 1.96 1.23 0.1a 1833
4H-SnS2 2.28 2.03 1.5−230 50
Data collected from the following references:
[70,71,144,161,162,164,184,228,328–330,334]. All values were obtained at
room temperature except for the phosphorene mobility (4 K).
a 6 layers.
predicted to decrease to 1.2 eV in monolayer [71], and has success-
fully been used in ∼6-layer FET device with >104 on/off ratio [162].
1T′-ReS2 is a direct band gap semiconductor, in which the individ-
ual 2D layers are electronically decoupled, leading to only negligible
shifts in the Raman and PL spectra [163]. Vanadium-based TMDCs,
which are metallic, exhibit general electrochemical instability and
somewhat poor HER activity, correlated with the chalcogenide size
[295]. 1T′-PtS2 has recently been shown to be extremely sensitive
to the number of layers, with the band gap changing from 0.25 eV
in bulk to 1.6 eV in monolayer (Fig. 17a and b) [161], showing
inconsistency with earlier reported values [213,324]. Interestingly,
the E12g and A1g mode thickness dependence in 1T
′-PtS2 is exactly
reversed to that of MoS2 as shown in Fig. 17c. Photoelectrochemi-
cal potential of 1T′-PtS2 was also recognised early, with both HER
and OER activity, remarkable photoanodic stability, and negligi-
ble platinum and sulphur “leaching” into the surrounding solution
[217]. In dark, 1T′-PtS2 behaves similarly to Pt metal with the obvi-
ous advantage of much lower density. Electrochemistry of Pt-based
chalcogenides depends on the chalcogenide size (HER is shown
in Fig. 17d–f), following the semiconducting/semimetallic/metallic
progression in PtS2/PtSe2/PtTe2 [325]. Temperature-dependent
transitions between semiconducting, metallic, and superconduct-
ing phases are common for many TMDCs such as TaS2 and NbSe2,
or MoTe2 [24,46,134], which limits a direct comparison of different
studies.
Chalogenides of group 13–15 post-transition metals and met-
alloids have also been studied. Tin sulphides with potential for
photocatalysis and photovoltaics have recently been prepared by
CVT and LPE [326–328] but questions remain about the detrimental
effects of the band alignment in mixed-valence tin states on their
photovoltaic efﬁciency [184]. 4H-SnS2 was  shown to be an indirect
semiconductor for all thicknesses, with only a weak dependence
of the electronic band structure on the number of layers [164,329].
SnS is also an indirect semiconductor but it has a band gap increas-
ing by >0.7 eV in bilayer in comparison to bulk and exhibits an
anisotropic mobility transport [328,330] also observed for phos-
phorene (below). SnS2 and SnS both have a low HER activity and
suffer from signiﬁcant non-stoichiometry due to the different oxi-
dation states of Sn, as revealed by the XPS [283]. GaS nanosheets
were also prepared by LPE and HER activity (b ∼ 85–106 mV dec−1)
dependent on their lateral size was observed [96]. Bulk GeS and
GaSe exhibit much poorer HER activity (b > 150 mV  dec−1) and no
OER activity, however, bulk GaSe possesses some ORR activity, fast
HET for [Ru(NH3)6]3+/2+ and [Fe(CN)6]3−/4−, and remarkable elec-
trochemical stability over a large potential window, attributed to
surface passivation by oxidation [284]. Topological insulators (TIs)
are materials whose bulk interiors are insulating but their surface or
edges harbour metallic states due to the strong spin-orbit effects
[2]. They have a vast potential for a range of applications, where
no charge transfer is required in the c-axis direction but surface or
edge conductivity needs to be maintained, such as deposition smart
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Fig. 17. Platinum-based TMDCs. a, Dependence of the 1T′-PtS2 band gap on the number of layers determined from the Tauc plot (blue) and DFT calculations (red). b,
Dependence of the VBM and CBM of 1T′-PtS2 on the number of layers calculated using DFT. c, Evolution of the 1T′-PtS2 Raman spectrum with thickness. d−f, Tafel plots of the
HER  activity of 1T′-PtS2, 1T′-PtSe2, 1T′-PtTe2, respectively. The -Unt, -Red, and -Ox sufﬁxes correspond to the untreated, reductively pretreated, and oxidatively pretreated
crystals. Figures adapted with permission from: a−c, [161] © 2016 John Wiley and Sons. d−f, [325] © 2016 John Wiley and Sons.
paints, corrosion protection, and transparent conductive layers.
Bi2Se2 and Bi2Te3 are examples of TIs with complex electrochem-
ical redox activity and poor HER activity [109]. A simple chemical
functionalisation of a bulk, mixed-element TI Bi2−xSbxTe3−ySey
using a ﬂuoro-derivate of quinone allowed to create in-plane p-n
junctions on its surface [331].
The elemental 2D materials from group 14 (beyond carbon),
which include silicene, germanene, stanene, and plumbene, are
notoriously hard to isolate and/or synthesise, although their crys-
tal and electronic band structures were predicted by theory
[12,332,333]. The limited efforts to synthesise these materials
suggest that low yield, small lateral size, and poor stability cur-
rently deems them unsuitable for other than fundamental research
[130–132]. Stanene and plumbene have also been identiﬁed as TIs,
with their electronic structure being tuneable by chemical func-
tionalisation [332,333].
Many layered materials are unstable in their mono- and few-
layer form and suffer from degradation when exfoliated in air.
Phosphorene, NbSe2, MoTe2, or 1T′-WTe2 are examples of such 2D
materials [86,100,249,334]. Cao et al. developed a fully motorised
process of 2D materials exfoliation and their encapsulation by pro-
tective hBN layers under an inert atmosphere [334]. The authors
detected superconductivity in NbSe2 all the way down to a
monolayer thickness, which was  previously impossible due to its
degradation in air. The same approach was used to study oth-
erwise unstable few-layer InSe to ﬁnd its very high mobility of
∼1000 cm2 V−1 s−1 at room temperature [228]. InSe monolayer,
which is four-atom thick, was not conductive due to degradation or
increased Schottky barrier at the contact, however, strong increase
of the band gap size in monolayer and bilayer in comparison to
bulk (>0.6 eV) was  observed in the PL spectra. A separate study
in air revealed that this direct-to-indirect band crossover com-
mences in as many as 20 InSe layers [128,335], much thicker than
in most TMDCs (<5 layers) [63]. Phosphorene, which forms buck-
led zig-zag layers (Fig. 1c), also degrades strongly in air. The large
increase of the direct band gap from ∼0.3 eV in bulk black phos-
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Fig. 18. Black phosphorus and phosphorene. Transport characteristics of bulk
black phosphorus (20 nm thickness) by ionic liquid gating showing its ambipolar
behaviour. Top panel: current–voltage curves, top inset: band gap determination
from the threshold voltage, bottom panel: 4-probe resistance curves, bottom inset:
comparison of the bulk and monolayer PL spectra indicating the direct band gap in
monolayer phosphorene. Figure reproduced with permission from: [337] © 2015
American Chemical Society, the bottom inset reproduced from [144] © 2014 Amer-
ican  Chemical Society.
phorus to ∼1–2 eV in mono- and few-layer phosphorene, which
is caused by the lack of interlayer hybridisation in thin layers, is
reﬂected in the thickness-dependent Raman spectrum and mono-
layer PL emission in the near-IR region (bottom inset in Fig. 18)
[99,144,336]. Unusually, the changes in the electronic band struc-
ture also begin in a relatively thick material, >20 layers [100].
Phosphorene exhibits a unique anisotropic mobility behaviour,
in which the electrons and holes have different masses depend-
ing on the direction in the Brillouin zone [144]. Related strong
absorption along the armchair lattice direction in contrast to opti-
cal transparency along the zig-zag lattice direction was predicted
by the theory [336]. Electrochemically-gated FET of bulk phospho-
rus reveals an ambipolar behaviour, similar to graphene, with both
p-type and n-type conductivity depending on the voltage polarity
as shown in Fig. 18 [337]. Furthermore, few-layer LPE phospho-
rene acts as a spontaneous PEC when mediated by suitable organic
molecules and the lifetime of its photogenerated excitons increases
linearly with the lateral size of the nanosheets [338].
Other layered materials proposed for future preparation in 2D
include transition metal oxides, metal halides, covalent organic
frameworks, and perovskites [10–12,14].
5.2. Heterostructures of 2D materials
The research on heterostructures of 2D materials is driven by the
potential of creating enormous diversity in properties and func-
tionality on a vanishingly small scale. Synergistic effects in these
heterostructures are promising both for improvements of exist-
ing applications and for discoveries of completely new phenomena
[22,38,93]. Traditionally, alloys of different materials have been
used in electronic structure engineering but the high defect den-
sity in such devices is very challenging. Continuous tuning of the
PL peak energy in MoS2/MoSe2 alloys between 670 and 795 nm is
an example of such approach [114].
Vertical vdW heterostructures are formed by stacking of dif-
ferent 2D materials on top of each other and are held together
by the same vdW forces, which act in naturally layered materials.
Resulting ultrathin, smooth material junctions are crucial for the
operation of devices with sub-nanometre thickness, charge trans-
fer across the vdW interface, and observation of interlayer excitons.
The lack of SC depletion/accumulation regions due the lack of phys-
ical material space in the c-axis direction makes these structures
very unique. For example, the spatial proximity of two  graphene
sheets separated by monolayer hBN implies that individual tun-
ing of the electronic structure of two charge carrier populations
occupying virtually the same plane is achievable [14]. Furthermore,
the typical distance between charge carriers in graphene is ∼10 nm
and so their vertical proximity between the two different layers is
much smaller [22]. The molecular orbitals of 2D materials extend-
ing in the c-axis direction imply that the effective electronic band
structure of vdW heterostructures is highly sensitive to the crys-
tallographic alignment between the individual 2D layers, i.e. the
“twist-angle”, also manifested in a moiré pattern in the case of small
(<2%) lattice mismatch [14,136]. Crucially, a self-cleaning of vdW
heterostructures was found, whereby the ubiquitous carbonaceous
contamination is “squeezed” out to microscopic bubbles thanks to
the strong afﬁnity between the 2D layers [14,22,139].
Construction of vertical p-n junctions with a sharp voltage drop
at the interface of the two  materials leads to tunnelling-mediated
recombination between majority charge carriers as demonstrated
for MoS2/WSe2 vdW heterostructures [339]. Flexible photovoltaic
device based on graphene/TMDC/graphene vdW heterostructure
with external quantum efﬁciency of 30% were constructed by Brit-
nell et al. [138]. Withers et al. engineered light-emitting devices
with TMDCs quantum wells encapsulated by hBN as a tunnelling
barrier and graphene as a transparent conductive layer for the
charge extraction and demonstrated efﬁcient PL and electrolu-
minescence, as well as the use of elastic polymer substrates for
applications in ﬂexible optoelectronics [27]. Effective charge collec-
tion was  achieved in InSe/graphene heterostructures with a strong
photocurrent response across the visible and near-IR spectra [340].
InSe/GaSe heterojuctions with strong electroluminescence emis-
sion at room temperature were also fabricated [127].
Separation of the photoexcited electron-hole pairs into inter-
layer excitons is observed in MoSe2/WSe2 heterostructures
(Fig. 19a–d) with much longer lifetime (∼1.8 ns) than in the indi-
vidual 2D materials [341]. With the application of a negative gate
voltage, the band alignment offset is suppressed (Fig. 19e–f), and
hence the resulting exciton energy increases and charge injection
becomes more efﬁcient, as shown in Fig. 19g by the increase in PL
energy and intensity. Hong et al. demonstrated very fast (∼50 fs)
carrier separation in photo-excited MoS2/WS2 vdW heterostruc-
tures, which was  made possible by the suitable alignment of the
electronic band structure of the individual 2D materials [342]. A
similar concept of PL tuning by hBN mono- and few-layer tunnelling
barriers was shown for MoS2/WSe2 [136]. Theoretical calculations
suggest that sub-nanometre thick MoS2/graphene and MoS2/WS2
heterostructures can be effective Schottky barrier- and excitonic-
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Fig. 19. Vertical vdW heterostructures of 2D materials. a, Schematic of a vdW heterostructure composed of MoSe2 and WSe2 monolayers. b, Optical image of the heterostruc-
ture.  c, Room temperature PL spectrum (2.33 eV excitation) of the heterostructure with the inset showing a spatial map of the PL intensity. d, Comparison of the PL spectra
from  monolayer WSe2 (top), heterostructure (middle), and monolayer MoSe2 (bottom) at 20 K. e, Schematic showing the electrostatic back-gate tuning of the interlayer
excitons. f, Schematic showing the corresponding tuning of the MoSe2/WSe2 band alignment. g, PL spectra intensity/energy plotted as a function of the gate voltage. Figure
adapted with permission from [341] © 2015 Nature Publishing Group.
photovoltaic cells, respectively, with the conversion efﬁciency of
∼1%, further increased by multiple stacking [25].
In-plane lateral 2D heterostructures of several TMDCs, where
all the 2D materials occupy the same plane, were also successfully
synthesised [121,181] and PL emission spatially tuneable between
760 and 790 nm within a monolayer of MoSe2−WSe2 with the
maximum integrated intensity at the heterostructure interface due
to defect-mediated recombination (Fig. 20a and b) was  realised
[181]. Another study has shown a characteristic diode behaviour
with an opposite, voltage-dependent photoresponse in monolayer
WSe2−MoS2 lateral heterostructures using a photocurrent spectral
AFM (Fig. 20c and d) [343].
A special group of vdW heterostructures are newly emerg-
ing naturally occurring mixed-metal chalcogenides. These include
rare minerals such as franckeite (Pb5Sn2FeSb2S14), cylindrite
(Pb3Sn4FeSb2S14), and menghinite (Pb13CuSb7S24), with band gaps
of 0.65–1.44 eV lying between the band gaps of their binary sul-
phide constituents [344]. A recent work by two different groups
have shown that franckeite natural heterostructure consists of a
repeated pattern of two distinct layers (Fig. 21a–c) and it is possible
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Fig. 20. Lateral heterostructures of 2D materials. a, Room temperature PL intensity map  of a WSe2−MoSe2 lateral heterostructure (SEM and TEM images of which are shown
in  Fig. 5e and 5f, respectively) using 2.33 eV excitation. b, Corresponding PL spectra from monolayer WSe2, monolayer MoSe2, and their interface. c−d, Photoresponse of a
WSe2−MoS2 lateral heterostructure at forward (+0.6 V) and reversed (−0.8 V) bias voltage, respectively. Figures adapted with permission from: a−b, [181] © 2014 Nature
Publishing Group. c−d, [343] © 2016 American Chemical Society.
to exfoliate it down to a monolayer thickness [98,345]. The exten-
sive characterisation revealed a p-type semiconducting nature of
franckeite (Fig. 21d) and a narrow band gap of ∼0.7 eV. Further-
more, its inherently high capacitance (Fig. 21e) and HET rate could
be exploited in the electrochemical storage and conversion appli-
cations.
5.3. Tuneability of 2D materials
The sub-nanometre dimensions of 2D materials imply that their
properties, unlike those of their bulk counterparts, are strongly
sensitive to external electrical, mechanical, and optical factors,
which offers new attractive strategies in the engineering of tune-
able devices [135].
Electric ﬁeld offers an effective way of tuning the electronic
structure of 2D materials. While only limited band gap engineering
has been achieved in bilayer and trilayer graphene [346,347], the-
oretical calculations predict that electric ﬁelds larger than 2 V A˚−1
decrease the band gap in monolayer group 6 TMDCs until ﬁnally
rendering the material metallic for ﬁelds >4.5 V A˚−1, as it is shown
in Fig. 22a [191]. Sulphides require larger ﬁelds than selenides to
induce similar changes while much smaller difference is observed
between Mo  and W.  These effects also depend on the direction of
the electric ﬁeld and number of layers [348]. The dielectric constant
of trilayer and thicker MoS2 was also predicted to increase with
the increasing electric ﬁeld (>0.01 V A˚−1) and MoS2 thickness [349].
Band gap tuning of bilayer MoS2 was achieved experimentally in
a dual-gate FET with an indirect band gap reduction of ∼260 meV
per 1 V nm−1 observed by PL [350]. In contrast, the direct band gap
of monolayer MoS2 remained constant.
Reduction of the exciton binding energies was achieved in a
monolayer WS2 FET device operating at high carrier densities
(∼1013 cm−2), leading to an increase in the effective dielectric
screening and suppression of the interaction between the charge
carriers [55]. The absorption, reﬂectance, and PL spectra composed
of excitons and trions (stable at room temperature) can therefore
be tuned by the gate voltage as shown in Fig. 22b–e for MoS2
[55,58]. At high optical ﬂuxes and positive bias voltage, the excess
of photogenerated excitons binds to electrons to form negative tri-
ons, thus increasing the effective mass of the charge carriers. This
also leads to negative photoconductivity as observed by terahertz
spectroscopy [351]. These effects are short-lived in low-quality
materials due to scattering and non-radiative losses but are of
increasing importance in high-quality 2D materials.
Electrochemical top-gating is becoming a popular way  of
controlling transport measurements in 2D materials. The main
advantage of the electrochemical gating is the large electric ﬁeld
up to 107 V cm−1 condensed at the 2D material/liquid interface due
to the sharp and localised voltage drop, which is not affected by
the losses due to scattering or charge trapping as it is the case in
conventional back-gate dielectrics such as SiO2 [352]. In the case
of semiconductors, the Schottky barrier is squashed to a nanome-
tre width and the electron tunnelling becomes the main charge
injection mechanism [353]. Due to the large electric double-layer
capacitance, C (typically between 1 and 10 F cm−2), the applied
gate voltage, Vgate, is virtually equal to the change in the Fermi
level, EF [337,352]:
eVgate = EF + 	  = EF +
e2n
C
(2)
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Fig. 21. Natural vdW heterostructures. a, Schematic side-view of franckeite heterostructure. b, Atomic-resolution HAADF-STEM image of franckeite showing the layered
heterostructure composed of alternating Pb-/Sb-rich and Sn-/Fe-rich sulphide layers. c, Corresponding elemental concentration proﬁle determined from STEM-EDXS. d,
Conductance of bilayer franckeite as a function of gate voltage showing its p-type semiconducting nature. e, Comparison of the interfacial capacitance between the edge and
basal  plane surface of franckeite determined by cyclic voltammetry (microdroplet electrochemical cells used for the measurement are shown in the insets). Figure adapted
from  [98], published by Nature Publishing Group under CC-BY licence.
where 	  is the change in the electrostatic potential and all
other symbols have the meaning deﬁned previously. This further
means that high charge carrier densities of 1013–1014 cm−2 can be
achieved using a relatively small voltage, typically up to ∼4–6 V,
and the carrier mobility can be greatly enhanced by several orders
of magnitude through dielectric screening of Coulomb scattering
on charged impurities [50,54,162,353]. Ionic liquids or polymer
electrolytes such as LiClO4 in polyethylene glycol electrolyte are
the most commonly used gate liquids, which withstand the appli-
cation of large voltages up to 6 V [35,54,337]. Low-temperature
measurements by “gate-freezing” of the electrolyte at certain volt-
age, previously applied at room temperature, were also performed
[354]. Evidence suggests that aqueous systems improve both on/off
ratios and mobilities in FETs [35,164] providing the water evapo-
ration is overcome by the use concentrated electrolytes [89,355].
Electrochemical gating has also been successful in tuning of the
PL intensity and makeup, from the negative trions at positive
gate voltage, to neutral excitons near neutrality point, and ﬁnally
positive trions at negative gate voltage using an ionic liquid gel
on monolayer WSe2 [352]. Similar strategy was employed for an
MoS2/graphene heterostructure, where the PL intensity was tuned
by two orders of magnitude and the exciton/trion intensity ratio
changed 30-fold using voltage of ∼4.5 V [356].
The extreme thinness of 2D materials renders them very sensi-
tive to strain/stress and the new concept of “straintronics” has been
probed both theoretically and experimentally [62,135,170,190].
The effect of strain in 2D materials on a suitable ﬂexible poly-
mer  substrate can directly be observed by Raman spectroscopy.
Applying uniaxial tensile strain, Rice et al. observed only a neg-
ligible redshift in the A1g out-of-plane Raman mode frequency
of mono- and few-layer MoS2 in contrast to signiﬁcant redshifts
(−2.1 cm−1/1% strain) in the E12g in-plane mode, in agreement with
the theoretical prediction [169]. Much larger Raman blueshifts
were observed for biaxially, compressively strained trilayer MoS2
on a piezoelectric substrate along with a large increase in the PL
energy and intensity of the direct transition PL peak (300 meV/1%
strain) due to the increased radiative recombination of the charge
carriers [168]. Conley et al. found that the uniaxial strain in mono-
layer MoS2 reduced the PL intensity and redshifted the PL peak
energy by 45 meV/1% strain, while the bilayer PL intensity stayed
constant and its PL peak energy redshifted by 120 meV/1% strain
(Fig. 23a and b) [357]. This indicates that the indirect band gap
closes faster than the direct one and that monolayer MoS2 becomes
an indirect semiconductor even when only small strain is applied.
Pen˜a-Álvarez et al. used an anvil cell to induce vertical compres-
sive stress in monolayer MoS2 without the need of stress transfer
media, which normally reduces the efﬁciency of the process [171].
The E12g and A1g Raman modes of MoS2 signiﬁcantly broadened and
their frequencies increased by 20 cm−1 when ∼5 GPa of pressure is
applied (Fig. 23c), and the PL was shut down almost immediately
after the initial compression. These largely reversible effects, con-
ﬁrmed by the DFT calculations, suggested a direct-to-indirect band
gap transition for pressures as low as ∼0.5 GPa (Fig. 23c), eventu-
ally leading to completely metallic character at ∼3 GPa, conﬁrming
the previous study [357]. Prediction for monolayer MoSe2 showed
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Fig. 22. Tuning of 2D materials’ properties by electric ﬁeld. a, Changes in the electronic band structure of TMDCs with the increasing strength of the external electric ﬁeld,
expressed by the VBM and CBM. b, Tuning of the neutral exciton (A) and negative trion (A−) ratio in monolayer WS2 by the gate voltage, expressed by the reﬂectance contrast
spectra. c, Tuning of the A and A− ratio in monolayer MoS2 by the gate voltage, expressed by the absorbance and PL spectra. d, Resonant energies of the exciton and trion
determined from the absorbance spectra, e, Trion binding energy determination from the exciton-trion energy difference. Figures adapted with permission from: a, [191] ©
2014  The Royal Society of Chemistry. b, [55] © 2015 American Physical Society. c−e, [58] © 2012 Nature Publishing Group.
that although its band gap decreases with biaxial tensile strain, it
remains direct until ∼3% strain followed by a crossover towards an
indirect band gap of ∼0.9 eV at 7% strain [358]. Furthermore, simple
bending of bilayer MoS2 has been predicted to electronically decou-
ple its two monolayers, which then become individually tuneable
by the applied strain [19].
Tunnelling current control is an important challenge for the
ever-decreasing size of transistors and other circuit elements in
modern electronics. The use of high permittivity materials such
as HfO2 or Al2O3 is necessary to prevent leakage currents, which
occur when the thickness of conventional transistors is reduced
[13]. Insulating hBN with its 5.8–6.0 eV band gap also falls into
this high-permittivity category. hBN has already been used as an
atomically-thin tunnelling barrier with few inherent defects and
high breakdown voltage, and as an encapsulating dielectric lead-
ing to a signiﬁcant increase in mobility of 2D materials [359–362].
Tunnelling FETs based on electron tunnelling through a quantum
mechanical barrier rather than thermionic emission are therefore
of increasing interest due to the shorter on/off switching times and
low leakage current [38]. The use of a 2D insulator as a tunnelling
barrier on a conducting substrate is particularly interesting for elec-
trochemistry since it can “shut-down” the surface chemistry yet
still allow for an effective HET through the 2D insulator.
Sensitivity of 2D materials to external stimuli can be exploited to
tune their electronic properties, create on-demand functionalities,
and harness or convert energy. There is no reason why the outlined
approaches should not be attempted in exploration of tuneable
electrochemical applications, given that the manipulation of the
electronic band structure directly affects key electrochemical prop-
erties, such as electron transfer, capacitance, and electrocatalytic
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Fig. 23. Tuning of 2D materials’ properties by strain. a−b, Tuning of the PL spectrum
using tensile strength in monolayer and bilayer MoS2. c, Raman spectra shifts in
monolayer MoS2 (left), and the direct and indirect band gap determined from DFT
(bottom-right) as a function of vertical compression stress (schematically shown in
top-right of the ﬁgure). Figures adapted with permission from: a−b, [357] © 2013
American Physical Society. c, [171] © 2015 American Physical Society.
activity. Advances in these research frontiers could likely lead to a
development of new branches of electrochemistry.
5.4. Wetting and electrowetting
Wetting refers to the interaction between a liquid and solid
phase and is described by the contact angle between the two. The
lower the contact angle, the more the solid and liquid “like each
other”. In the case of a large contact angle, the liquid is repulsed by
the surface of the solid and their contact area is minimised.
Signiﬁcant debate surrounds the so-called “wetting-
transparency” of graphene, referring to a phenomenon in which
the contact angle of an ultrathin solid is affected by the under-
lying substrate. In other words, the liquid “feels” the substrate
through a wetting-transparent material and the surface tension
and contact angle adjust accordingly. Theoretical, computational,
and experimental arguments both for [193] and against [195,244]
this hypothesis, as well as an evidence of the wetting transparency
breakdown at high and low contact angles [363] have been
reported. Little is known about the contact angle dependence on
thickness as both its increase [119,193] and decrease [194,364]
with the increasing number of layers was  observed or predicted
for graphene, MoS2, and WS2. Strong hysteresis between the
receding and advancing contact angles and surface pinning of the
liquid suggest that static measurements alone are unreliable and
dynamic measurements should be also employed [195]. The analy-
sis of the interplay between the interaction potentials and relative
hydrophobicity vs. hydrophilicity in the water-graphene-substrate
system has led to a term “wetting-translucency”, which more
accurately grasps the complex nature of the wetting phenomenon
on atomically-thin materials [194].
Electrowetting is a dynamic phenomenon, which occurs when
the voltage is applied between a solid electrode and liquid phase.
This increases the interfacial capacitance, which “pulls” the liquid
closer to the solid, thus decreasing the contact angle and increasing
the wetting. Traditionally, a layer of dielectric on the surface of a
metallic electrode was used to prevent unwanted chemical reac-
tions such as water electrolysis, however, this approach requires
large voltages (10–100 V). Electrowetting between two liquids was
also proposed theoretically [365]. A simple approach using renew-
able graphite surface as a chemically inert interface has recently
been introduced, with only small voltages (1–1.5 V) required to
induce signiﬁcant changes in the contact angle (50◦ and 100◦ using
aqueous/air and aqueous/organic/air conﬁgurations, respectively)
[255]. Furthermore, it has been shown that the electrowetting is
also strongly affected by the surface ageing and the crystallinity
of graphene and graphite [366]. Zhang et al. presented electrowet-
ting measurements utilising an SECCM technique and a TEM grid,
showing stronger wetting on Cu-bound graphene in comparison to
suspended graphene [367].
Wetting and electrowetting phenomena on 2D materials are
applicable to a range of technologies from lubrication, microﬂu-
idics, to liquid-cell displays. Reverse electrowetting, i.e. alteration
of the contact angle accompanied by an accumulation of charge,
could be also used for energy harnessing.
6. Conclusions
More than a decade after graphene discovery, the world of
2D materials is reaching its “teenage years”, especially in the fast
developing condensed matter physics, material science, and nano-
technology research. In contrast, the electrochemistry of graphene
and other 2D materials is still in its “infancy”. This actually provides
electrochemists with a unique opportunity to reap the fundamental
knowledge on 2D materials accumulated in other scientiﬁc disci-
plines. At present, the fundamental electrochemical understanding
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of 2D materials is overshadowed by a hasty pursuit of their use
in energy storage/conversion, catalysis, and sensing. There is no
denying of the fact that rapid advances in these applications are
invaluable but it should not be done entirely at the expense of the
basic scientiﬁc understanding, which will, in a long term, lead to
much smarter and more efﬁcient ways of harnessing 2D materials’
potential. What we need now is to establish the key electrochemical
properties such as the electron transfer, capacitance, or tunnelling,
and to “brainstorm” on how the unique, tuneable electronic struc-
ture of 2D materials can be exploited in electrochemistry. Looking
forward, reliable production methods of 2D materials are likely
to dominate the transition from the fundamental ﬁndings to scal-
able technologies. While the high-quality crystals produced by ME
will continue to be indispensable in fundamental research, CVD
and LPE hold great promise for applications. It is evident that
overcoming the challenges, which await the future generations of
electrochemists, could bring about a new era of tuneable electro-
chemical devices of 2D materials and their heterostructures with
extremely high surface-to-mass ratio and seemingly endless func-
tionalities. It would be unfortunate if electrochemistry remained
on the sidelines of the main research activity on 2D materials.
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